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INTRODUCTION

In March 1978, a Stirling-engine develop-
ment contract, sponsored by the Depart-
ment of Energy (DOE) and administered by
National Aeronautics and Space Adminis-
tration (NASA)/Lewis Research Center,
was awarded to Mechanical Technology In-
corporated (MTI) for the purpose of de-
veloping an Automotive Stirling Engine
(ASE) and transferring Stirling-engine
technology to the United States (U.S.)
The program team consisted of MTII as
prime contractor, contributing their
program management, development, and
technology-transfer expertigse; United
Stirling of Sweden (USAB) as major sub-
contractor for Stirling-engine develop-
ment; and AM General (AMG) as major
subcontractor for engine and vehicle in-
tegration.

Most Stirling-engine technology previ-
ously resided outside of the U.S., and
was directed at stationary and marine ap-
plications. The ASE Development Program
was directed at the establishment and de-
monstration of a base of Stirling-engine
technology for the automotive applica-
tion by September 1984. The high-effici-
ency, multi-fuel capability, low-
emisgsions, and low-noise potential of the
Stirling engine made it a prime candidate
for an alternative automotive-propulsion
system.

ASE Program logic called for the design
of a Reference Engine System Design
(RESD) to serve as a focal point for all
component, subsystem, and system devel-
opment within the program. The RESD was
defined as the best-engine design gener-
ated within the program at any given
time. The RESD would incorporate all new
technologies with reasonable expecta-
tions of development by 1984, and which
provide significant performance improve-
ments relative to the risk and cost of
their development. The RESD would also
provide the highest fuel economy possible

while still other

objectives.

meeting program

A schedule was defined within the ASE
Program to design two experimental engine
versions of the RESD. The first-genera-
tion engine system, the Mod I, was de-
signed early in the program, and has been
on test since January 1981, The second-
generation engine, designated the Mod II,
was originally scheduled to be designed
in 1981 to demonstrate the final program
objectives. However, it was postponed
due to Government funding cutbacks. As a
result, the Mod I has been the only ex-
perimental engine in the program.

Through the course of the program, the
Mod I has been modified and upgraded
wherever possible, to develop and demon-
strate technologies incorporated in the
RESD. As a result, the program followed
a '"proof-of-concept" development path
whereby the Upgraded Mod I design emerged
as an improved engine system, proving
specific design concepts and technolo-
gies in the Mod II that were not included
in the original Mod I design. This logic
was recognized as having inherent limita-
tions when it came to actual engine hard-
ware, since Mod I hardware was larger
and, in some cases, of a fundamentally
different design than that of the Mod II.

Nevertheless, some of the new technology
incorporated in the RESD has been suc-
cessfully transferred to the Upgraded Mod
I engine. Iron-based materials were used
in place of costly Cobalt-based materials
in the Hot Engine System (HES) which was
designed to operate at 820°C heater head
temperature {(the Mod I was tested at
720°C). Smaller, lighter designs were
incorporated into the upgraded engine to
optimize for better fuel economy and to
reduce weight (the Upraded Mod I engine
was 100 1b lighter than the Mod I).

-viii-




The RESD has been revised periodically
throughout the course of the program to
incorporate new concepts and technolo-
gies aimed at improving engine efficiency
or reducing manufacturing cost. The RESD
was last reviged in May 1983. Emphasis
of this most recent update of the RESD
was to reduce weight and manufacturing
cost of the ASE to within a close margin
of that for the spark-ignition engine,
while exceeding the fuel mileage of the
spark~ignition engine by at least 30%X.

This May 1983 RESD configuration was
changed substantially from previous de-
signs to achieve these goals. The new
design uses a single-shaft V-drive, rath-
er than the two-shaft U-drive system of
the Mod I; an annular heater-head and re-
generator rather than the previous can-
nister configuration; and a simplified
control system and auxiliary components.
By these measures, the projected manufac-
turing cost of the May 1983 RESD was re-
duced by more than 25% and total engine
system weight was reduced by 472 in com-
parison to the Upgraded Mod I engine,
while engine efficiency and power re-
mained approximately the same. This up-
dated RESD has a predicted combined
mileage of 41.1 mpg using unleaded gaso-
line, which 1is 50% above the projected
spark-ignition engine mileage for a 1984
X-body vehicle with a curb weight of 2870
1b.

Since the RESD update in May 1983, a pre-
liminary Mod II design phase has been
aimed at translating the new RESD con-
cepts into preliminary Mod II design
drawings. Casting drawings of the annu-
lar heater head and single-piece V-block
were made and reviewed with vendors; the
lower end drive system was designed for a
durability rig to test the life and oper-
ational behavior of the bearings, oil and
seal systems, and gas passages. An anal-
ysis was performed on the Mod II engine
vehicle system to select the vehicle and
matching drive train components such as
transmission, gear ratios, and axle
ratio.

—ix-

During the second half 1984, preliminary
design of the Mod II was concluded with a
Technology Assessment, which selected
specific technologies or configurations
from competing contenders for each compo-
nent of the Mod II engine. Component and
technology development was continued,
with continuing emphasis on main seal and
piston ring evaluation, and on combustion
gas recirculation (CGR) combustor devel-
opment. Initial detail design of the Mod
ITI was started. Analytical models and
algorithms for all aspects of the engine,
auxiliaries and parasitics were formu-
lated and integrated into computer ana-
lyses for optimization of the Mod II
configuration. Testing of Upgraded Mod I
engine No. 8 in the Spirit vehicle was
continued after return from the General
Motors (GM) Industry Test and Evaluation
Program (ITEP) evaluation. This vehicle
testing was intensified and focused on
early development and evaluation of new
controls and auxiliaries concepts to be
incorporated in the Mod II. Upgraded Mod
I engine No. 9 was built and delivered to
John Deere and Company (Deere) for their
test evaluation under the ITEP Program.
Testing and analysis of the Mod I engine
system was continued, although focused
more narrowly on providing specific input
to guide the Mod II design effort.

Listed below are some of the work tasks
and achievements undertaken during the
July-December 1984 period.

* The tubular-to-elliptical
CGR combustor was developed to the
point where it appears to be a
leading contender for incorporation
into the Mod II,

(TTE),

A successful test was performed on
an improved ceramic preheater sec-—
tion, which survived 300 start/stop
thermal cycles with Lleakage less
than 2Z%.

A total of 27 investment castings
were made of the prototype XF-818,
two-manifold, Mod II heater head
during development of the manufact-
uring process.




Tests of the cycle-gas flow distri-
bution in the prototype Mod 1II
heater head were completed, with
favorable results.

Tests were completed to define the
fatigue strength of XF-818 at room
temperature.

A detail design was completed for a
shrink-fit joint between the Mod II
piston rod and piston base, and a
fatigue test of a prototype assem-—
bly was completed.

Continued progress was made in dem-—
a T

onatratine extonded lifa for tha D

SR AL R 22 1Y wlcmTw &

main seals.

A new uncut single-solid piston
ring design was tested and shown to
have potential for improving engine
performance, with good life expect-
ancy.

The power control valve (PCV) de-
sign was improved to reduce the op-
erating deadband by two-thirds.

Further development of the Digital
Air/Fuel Control (DAFC) and Digital
Engine Control (DEC) was conducted,
achieving idle conditions of 400
rpm, 2 MPa mean pressure and fuel
flow as low as 0.18 g/s.

A thorough Technology Assessment
was conducted in September, and
specific technologies or configura-

tions were selected for each sub-
system or major component of the
Mod II engine.

* The Mod II cast-iron V-block was
redesigned to improve castability
and reduce weight,

* Thorough analyses of Mod II crank-
shaft deflection and roller bearing
life were made, and specific design
criteria were finalized for these
components.

Seven Mod I engines are in active test
service at the close of 1984, As of De-
cember 31, 1984, the cummulative total

cperating time for all Mod I engines has
reached 8681 hr. Upgraded Mod I engine
No. 9 was assembled and delivered to
Deere, where it performed reliably during
Deere's evaluation tests. Upgraded Mod I
engine No. 10 was assembled and prepared
for shipment to NASA/Lewis Research Cen-
ter for NASA testing programs.

The ASE Program is proceeding on sched-
ule, with increased emphasis on Mod II
engine design requirements. During the
January-June 1985 period, this focus on
Mod II design will be more intense, with
the objective of completing the Mod II
Basic Stirling Engine (BSE) manufactur-
ing drawings and the BSE Design Review by
the end of March. Design concepts for
controls and auxiliaries will receive
concerted attention after that date, in
preparation for the Stirling Engine Sys-
tem (SES) Design Review late in July.

—X—




I. SUMMARY

Since the inception of the ASE Program in
1978, 13 Quarterly Technical Progress Re-
ports were issued under NASA Contract No.
DEN3-32, "ASE Development Program". How-
ever, reporting was changed to a Semian-
nual format in July 1981. This report,
the seventh Semiannual Technical Pro-
gress Report issued under the contract,
and covering the period of July 1 through
December 31, 1984, includes technical
progress only.

Overaii Program Objectives

The overall objective of the ASE Program
is to develop an ASE system which, when
installed in a late-model production ve-
hicle, will:

* Demonstrate an improvement in com-
bined metro/highway fuel economy of
at least 30X over that of a compar-
able spark-ignition-engine powered
production vehicle, based on EPA
test procedures.*

* Show the potential for emissions
levels less than: NO < 0.4 g/mi, HC
< 0.41 g/mi, CO < 3.4 g/mi, and a
total particulate level < 0.2 g/mi
after 50,000 miles.

In addition to the previous objectives,

which are to be demonstrated quantita-

tively, the following system design ob-
jectives were also considered:

* Ability to wuse a broad range of
liquid fuels from many sources, in-
cluding coal and shale oil.

® Reliability and life comparable to
current-market powertrains.

* A competitive initial cost and
a life-cycle cost comparable to
conventionally powered automotive
vehicles.

* Acceleration suitable for safety and
consumer considerations.

* Noise/safety characteristics that
meet the currently legislated or
projected 1984 Federal Standards.

Major Task Descriptions

The major ASE Program tasks are described
below:

Task 1 - Reference Engine - This task,
intended to guide component, subsystem,
and engine system development, involves
the establishment and continual updating
of an RESD, which will be the best engine
design that can be generated at any given
time, and that can provide the highest
possible fuel economy while meeting or
exceeding other final program objec-
tives. The engine will be designed for
the requirements of a projected reference
vehicle that will be representative of
the class of vehicles for which it might
first be produced, and it will utilize
all new technology (expected to be devel-
oped by 1987) that is judged to provide
significant improvement relative to the
risk and cost of its development.

Task 2 - Component/Technology Develop-
ment - Guided by the RESD, this task will
include conceptual and detailed de-
sign/analyses, hardware fabrication and
assembly, and component/subsystem test-
ing in laboratory test rigs. When an ad-
equate performance level has been
demonstrated, the component and/or sub-

*Automotive Stirling and spark-ignition engine systems will be installed in identical
model vehicles that will give the same overall vehicle driveability and performance.




system design will be configured for in-
engine testing and evaluation in an
appropriate engine dynamometer/vehicle
test installation.

The component development tasks, di-
rected at advancing engine technology in

terms of durability/reliability, per-
formance, cost, and manufacturability,
will include work in the areas of com-

bustion, heat exchangers, materials,
seals, engine drive train, controls, and
auxiliaries.

Task 3 - Technology Familiarization - The
USAB P-40 Stirling engine, which was
available at the beginning of the pro-
gram, was used as a baseline for famil-
iarization, and as a test bed for
component/subsystem performance improve-
ment; to evaluate current engine operat-
ing conditions and component
characteristics; and to define problems
associated with vehicle installation.
Three P-40 engines were built and deliv-
ered to the U.S. team members - one was
installed in a 1979 AMC Spirit. A fourth
P-40 engine was built and installed in a
1977 Opel sedan for testing in Sweden.
The baseline P-40 engines were tested in
dynamometer test cells and automobiles.
Test facilities were constructed at MTI
to accommodate the engine test program
and required technology transfer.

Another activity under Task 3 during 1984
was the Industry Test and Evaluation Pro-
gram (ITEP). Major purposes of ITEP are
to extend familiarity with and interest
in Stirling engine technology into indus-
try, to provide an independent evaluation
of ASE technology, to broaden the base of
engine test experience, and to give auto-
motive/engine manufacturers an opportu-
nity to make recommendations for improve-
ments in design and manufacturability.
Two Mod I engines were procured, assem-
bled, and tested for delivery to automo-
tive/engine manufacturing companies for
test and evaluation.

Task 4 - Mod I Engine - A first gener-
ation ASE (the Mod I) was developed using
USAB P-40 and P-75 engine technology as

an initial baseline upon which improve-
ments were made. The prime objective was
to increase power density and overall en-
gine performance.

The Mod I engine represented an early
experimental version of the RESD, but was
limited by the technology that could be
confirmed in the time available. The Mod
I was not intended to achieve any specif-
ic fuel economy improvements. Rather, it
was meant to verify concepts incorporated
in the RESD, and to serve as a stepping
stone toward the Mod II, thus providing
an early indication of the potential to
meet the final ASE Program objectives.

Three Mod I engines were manufactured by
USAB and tested in dynamometer test cells
to establish their performance, durabil-
ity, and reliability. Continued testing
and development was necessary to meet
preliminary design performance pred-
ictions. One additional Mod I engine was
manufactured, assembled, -and tested in
the U.S. by MTI. A production vehicle
was procured and modified to accept one
of the engines for installation. Tests
were conducted under various steady-
state, transient, and environmental con-
ditions to establish engine-related
driveability, fuel economy, noise, emis-—
sions, and durability/reliability.

The Mod I engine was upgraded through de-
sign improvements to provide a '"proof-
of-concept" demonstration of selected
advanced components defined for the RESD
and Mod II.

Task 5 - Mod II Engine - The Mod II (the
second-generation ASE design) is based on
the RESD, the development experience of
the Mod I engine system, and technologies
and components developed under Task 2.
The goal of the Mod II is to demonstrate
the overall ASE program objectives in an.
engine/vehicle system. Although post-
poned - in 1981, this task was reinstated
during the first half of 1984 as the pre-
liminary design of the Mod II engine sys-
tem was activated. In the latter half of
1984, this has transitioned into a pre-
liminary detail design of the Mod II.




Task 6 = Prototype Study - Postponed.

Task 7 - Computer Program Development -
Analytical tools have been developed that
are required to simulate and predict en-
gine performance. This effort included
the development of a computer program
specifically tailored to predict SES
steady-state cyclical performance over
the complete range of engine operations.
Using data from component, subsystem, and
engine system test activities, the pro-
gram was continuously improved, and will
be verified throughout the course of the
ASE Program.

1 - -
echnical Assistance

c
assistance will be provided
ernment as requested.

Task 9 - Program Management - Work under
this task will provide total program con-
trol, administration, and management,
including: reports, schedules, financial
activities, test plans, meetings, re-
views, and technology transfer. This
task also provides for an extensive Qual-
ity Assurance Program.

Program Overview, Status and Plans

During 1984, the ASE Program has under-
gone a notable shift in emphasis from the
Mod I to the Mod II engine and final at-
tainment of the overall program goals.
During the second half of 1984, this
shift in emphasis has been even more fo-
cused, culminating in the Mod II Technol-
ogy Assessment late in September, and the
commencement October 1 of detail design
of the Mod II engine. Component/
technology development has also been fo-
cused more specifically toward providing
input data and technology required for
the Mod II engine design.

RESD

The RESD was revised in May 1983, with a
ma jor departure from earlier versions of
the engine concept. This revision was
motivated primarily by the goal of
achieving a manufacturing cost compet-

itive with that of internal combustion
(I.C.) engines, while still meeting oth~-
er program objectives. As reported in
the previous Semiannual, (MTI 84ASE408-
SA6), an independent manufacturing cost
study of the May 1983 RESD was completed
during the first half of 1984 by Pioneer
Engineering and Manufacturing Company.
This RESD, to a substantial measure, is
the foundation on which the Mod II engine
degsign is based. Consequently, no fur-
ther work was done on the RESD during the
second half of 1984, with program re-
sources being reserved for execution of
the Mod II design. The next concerted
effort to update the RESD will be in
1986.

Component and Technology Development

Component and technology development is
directed toward advancing Stirling-
engine technology and/or components in
terms of performance, cost, manufactura-
bility, durability, and reliability as
defined by their application in the RESD.

This development involves a sizeable
effort, as it includes virtually all
technological areas in the engine (i.e.,
combustors, heat exchangers, materials,
seals, mechanical drive systems, con-
trols, and auxiliaries).

FUEL NOZZLE AND COMBUSTOR DEVELOPMENT

Efforts intensified during the second
half of 1984 to advance the development
and evaluation of the conical fuel nozzle
and various alternative forms of com-
bustion gas recirculation (CGR) combu-
stors. This was done in anticipation of
the need to make a selection of combustor
and fuel nozzles for the Mod II engine
late in September. A series of tests was
completed on various modifications of the
conical nozzle (shown in Figure 1-1) in
conjunction with three variants of ex-
chaust gas recirculation (EGR) combu-
stors. Test results indicated that
improved atomizing air distribution
within the nozzle resulted in lower cir-
cumferential AT at the heater-head
tubes. However, the nozzle produced rel-




atively high soot in the high end of the
fuel-flow range. The tests further indi-
cated that: soot levels were similar when
either K-Jetronic or Digital Air/Fuel
Control (DAFC) fuel controls were used;
the P-40 combustor turbulator yielded
lower soot levels with the nozzle than
did the Bill of Material (BOM) Upgraded
Mod I turbulator; and fluctuations in
air-throttle position (causing swings in
air/fuel (A/F) ratio) were a major con-
tribution to high CO and soot during
these tests. The conical nozzle appeared
to be more sensitive than the BOM nozzle
to such fluctuations. Development test-
ing of the conical nozzle will continue
in 1985, as the benefits of lower atomiz-
ing airflow and virtual freedom from
plugging are still viewed as strong rec-—
ommendations for adoption into the Mod II
engine.,
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Figure 1-1 Conical Fuel Nozzle Modifications

In a continued effort to improve reli-
ability and durability of the Upgraded
Mod I External Heat System (EHS), tests

were conducted to evaluate several alter-
native forms of EGR combustor turbula-
tors. These included the Upgraded Mod I
BOM turbulator, as well as the P-40 tur-
bulator. It was concluded from the test
data that the P-40 turbulator was better
suited for operation with both the BOM
fuel nozzle and the conical nozzle than
was the BOM turbulator or any of the six
alternative turbulator designs tested.
This judgement was made on the basis of
CO and soot emissions and heater-head
rear tube AT.

One of the most significant developments
during this report period was the results
of continued testing of the 12-tube TTE,
CGR combustor, illustrated in Figure 1-2.
Minor modifications to this CGR combustor
produced substantial improvements in
performance when tested on engine No. 10
with the BOM fuel nozzle. Excellent soot
and CO emissions levels with acceptable
NO, level was obtained over the entire
range of fuel flow up to 4.5 g/s.

Figure 1-2 12~-Tube TTE CGR Combustor

Extensive cold-flow and performance-rig
tests were conducted on several design
variations of 16-tube, 42-tube, and rib-
bon-type CGR combustors in an effort to
identify a parallel CGR combustor equal
or superior to the TTE configuration.
However, none of these combustor design
variations performed as well as the TTE
did. Therefore, it was decided that CGR
combustor development in 1985 will be
concentrated on the TTE design.

In another area of combustor development,
an Upgraded Mod I BOM combustor liner was
treated in four separate sectors with
four different oxidation-resistant coat-
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ings. This combustor liner is slated for
evaluation testing during the first half
of 1985.

CERAMIC PREHEATER DEVELOPMENT

The engine preheater is a recuperative
heat exchanger that recovers heat from
combustor exhaust gas and delivers this
heat to fresh inlet air before it enters
the combustor. The Mod I preheater is an
annular, counterflow recuperator made
from over 1000 embossed or stamped stain-
less steel plates, with a thermal effec-
tiveness 1n the range from 0.9 to 0.95.
The individual plates, each 0.l-mm thick,
must be edge-welded on alternate pairs to
form leaktight, adjacent, counterflow
passages for exhaust gas and incoming
air. A small sector of a Mod I welded,
metallic preheater is illustrated in Fig-
ure 1-3.

' Asé_embled Plates

BS-19662-2

Figure 1-3 Sector of Welded Metallic Preheater

The requirement for such a large number
of leaktight welds on a very thin materi-
al, as well as the relatively high cost
of the thin stainless steel materials,
has been a strong incentive to pursue
less expensive, alternate designs. As
reported 1in the previous Semiannual, a
ceramic design being developed by Coors
Porcelain Company appears to have some
promise as an alternative. The design
consists of blocks built up from O.l-mm
thick corrugated ceramic walls and fused

1-5

together. One such block or segment 1is
shown in Figure 1-4.

BS-19664-2

Figure 1-4 Ceramic Preheater Segment

The initial trial unit, made from cor-
dierite material, suffered excessive
leakage after only 16 thermal cycles sim-
ulating engine start-up and shutdown. A
later test section, made from mixed-oxide
ceramic material, exhibited leak rates of
only 1 to 1-1/2% when first received.
This test section survived extensive
evaluation tests over a range of temper-
atures up to 820°C, and 300 thermal
cycles, after which the leakage rate re-
mained at 1 to 1-1/2%.

Testing of additional mixed-oxide sam-
ples during this report period resulted
in unacceptable leakage rates. It was
decided jointly by MTI and Coors that
tooling changes and manufacturing of
eight additional mixed-oxide test sec-
tions would be performed early in 1985,
allowing continued development tests.

HEATER HEAD DEVELOPMENT

The heater head encloses the high-pres-
sure gas-expansion portion of the engine
cycle, and incorporates the high-pres-
sure, high-temperature finned tubes that
effect heat transfer from combustion gas
to the cycle working gas. The Mod II an-
nular design also places the regenerator
within the heater head housing, as illus-
trated in Figure 1-5.
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Figure 1-5 Annular Heater Head Housing Configuration

This also creates the necessity of having
two manifolds on the heater-head housing,
with concentric gas flow paths through
the neck connecting the manifolds to the
cylindrical portion of the housing as il-
lustrated in Figure 1-5. In addition,
the expansion space or cylinder must be
isolated from the regenerator by a parti-
tion wall. This wall must be gas-tight
and should prevent heat flow from the hot
expansion space or cylinder radially out-
ward to the regenerator. The preliminary
design for Mod II also departs from Mod I
heater—-head design in tube size and fin
geometry, as illustrated in Figure 1-6.
These aspects of the Mod II design con-
cept were perceived to pose three risks,
namely:

l. Will the heater-head housing with
manifolds be manufacturable?

Will flow of combustion gas over
the new finned-tube geometry give
predictable heat transfer perform-
ance?

Can radial heat conduction losses
through the partition wall be kept
to a sufficiently low level?

1-6

Least Restricted Combustion Flow
(Farthest from Tubes)

Combustion Flow Directed Nearer to Tubes
by Blockage Effect of Stacking Spacers
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Figure 1-6 Comparison of Mod | and
Mod Il Fin Configurations

Each of these risks was addressed by a
component-development subtask. A pre-
liminary manufacturing effort was initi-
ated earlier with Howmet Corporation to

develop an 1investment casting of the
dual-manifold heater-head housing 1in
XF-818 alloy. A first version of this

casting 1is shown 1in Figure 1-7. The
ceramic core used to form the interior

cavities of the manifolds 1is shown in
Figure 1-8. Close-tolerance control of
size, shape, and location of the core

during casting must be exercised in order
to maintain proper thickness of the cast
walls of the manifolds, which must con-
tain high internal gas pressure at high
temperature during engine operation.
During this report period, a total of 27
heater-head castings were poured in a
continuing process-development effort.
Significant improvement in dimensional
control of the casting was achieved.
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Figure 1-8 Ceramic Cores to Form Internal Flow
Passages in Manifoids of Mod |l Heater Head

Plastic models of the heater-head mani-

folds were made, using wax cores from
Howmet, and room-temperature gas-flow
tests were conducted to determine uni-

formity of flow distribution among the 30
tubes per quadrant. Flow distribution
was found to be better than that of the
Upgraded Mod I heater head. The heat-
transfer characteristics of the new fin
geometry will be determined by gas-
flow/temperature-measurement tests of
test sections of the new finned tubes in
a double mantle rig (DMR) at USAB early
in 1985. During this report period, DMR
test- sections were fabricated for both
Mod I and Mod II finned rear-row and un-
finned front-row tube geometries. Figure
1-9 shows a representative DMR test sec-

1-7
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tion for the Mod I rear row. In addi-
tion, an Upgraded Mod I heater head was
fabricated using Mod II tubes and fins,
to allow testing of the Mod II finned
geometry on an engine early in 1985.
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Figure 1-9 DMR Test Section of Mod |
Rear Row Finned Tubes

MATERIALS AND PROCESS DEVELOPMENT

Both the housing and the tubes of the
heater head are subject to high internal
gas pressure and high operating temper-
atures. These conditions, plus the need
for minimum engine weight, impose severe
requirements on construction materials
for high-temperature strength. Alloys
initially employed for these components
contained relatively high percentages of
the strategic material cobalt, and were
high in cost. As reported in the previ-
ous Semiannual, a Materials Evaluation
Program was 1initiated in 1981 to rank
candidate replacement alloys, and iden-
tify the best choice for the Mod II en-
gine heater head tubes and housing.
Candidate materials were tested by manu-
facturing actual heater head quadrants
from each material and subjecting them to
operation on an HTP-40 Stirling engine.
These tests were completed during the




first half of 1984, During the later
half of 1984, the test data were reviewed
and a summary report was completed. The
test results ranked the candidate heater
head casting alloys in the following or-
der: 1) XF-818; 2) CRM-6D; and, 3)
SAF-1l. The XF-818 heater head casting
did not leak after 1600 hr of test opera-
tion. Heater tube materials were ranked
as follows: 1) CG-27; 2) Inconel 625; 3)
12RN72; 4) Sanicro 30; and, 5) Sanicro
32H. In addition to completing this com~
parative evaluation, tests were com-
pleted to determine the room-temperature
fatigue properties of alloy XF-818. The
test data indicated a fatigue endurance
strength of 375 MPa at a stress ratio of
R=0.5, and 180 MPa at R=-1.

As reported in the previous Semiannual,
an effort was started in the Spring of
1984 to evaluate a ceramic partition
wall., The motivation for this effort is
the low thermal conductivity of ceramics,
which could reduce the radial heat loss
from the expansion space through the par-
tition wall to the regenerator. During
this report period, fabrication was com-
pleted of a Nilcra TS-Grade, partially
stabilized zirconia sleeve, assembled
inside a stainless steel can with an in-
terference fit. This will be tested in
the P-40R annular engine during 1985.

Fatigue tests were completed on the first
version of an interference-fit joint be-
tween the piston rod and piston base for
the Mod II engine. Failure occurring
after 3.4 million cycles at 100% of full
load provided guidance for a redesign of
the joint. Fabrication and test of the
redesigned joint will be accomplished
during the next report period.

MAIN SEAL DEVELOPMENT

The main seal for the ASE engines seals
the reciprocating piston rods, separat-
ing high-pressure hydrogen gas within the
engine cycle from lubricant oil in the
crankcase. A Pumping Leningrader (PL)
configuration made from either HABIA or
Rulon J material is currently the pre-
ferred type for Mod I engines, and is al-

so planned for use in the Mod II engine.
During this report period, the influence
of bore diameter on PL seals was checked
by testing two seals with .0l15-mm under-
size bores in the exploratory and test
rig. Friction and leakages of these
seals were similar to those of standard
PL seals. The influence of the low idle
speeds and pressures planned for the Mod
II engine on PL seal operation was also
explored. Seal friction force and oper-
ating temperature were apparently unaf-
fected by operation at 400 and 500 rpm,
at gas pressures from 1.0 to 3.5 MPa.
Seal friction force was found to be vir-
tually constant throughout the speed
range from 400 to 3000 rpm, with lube oil
temperature of 32° and 50°C. The higher
oil temperature resulted in a slightly
lower friction force. These tests give
reassurance that PL seals in the Mod II
engine will suffer no adverse effects due
to low engine idle speed. PL seals were
also tested in the exploratory rig under
simulated engine start-up conditions
after a 15 hr shutdown period, with oil
supply shut-off. The seals operated suc-
cessfully for 25 sec with low friction
force at 400 rpm. This verified that
sufficient oil is trapped and retained in
the seal/rod interface after extended
shutdown periods to support operation for
substantially longer than the period re-
quired for the engine 0il pump to deliver
oil to the seals.

Continued tests were conducted on the
pumping ring seal, another alternative to
the PL type. Four pumping ring seals
were tested in P-40 engine No. 9 for a
total engine run time of 1342 hr. Engine
crosshead clearance ranged from 18 to 65
Um, the same range employed in a previous
test of PL seals in engine No. 9. Pump-
ing-ring seal performance was similar to
that of PL seals, with the seal in No. 2
cycle (41 uUm crosshead clearance) oper-
ating the full 1342 hr without failure.

Extended engine tests were also run on PL
seals in Mod I engine No. 7. The engine
was built with steel crosshead guides,
BOM crosshead clearances, using two HABIA
PL seals and two Rulon J PL seals. The




test was run for 2158 hr on the acceler-
ated duty cycle. One HABIA and one Rulon
J seal operated successfully throughout
this entire period. The other two seals
suffered oil leakage due to dimensional
discrepancies. This successful, long-
life operation of properly manufactured
PL seals is an encouraging substantiation
of Stirling engine operating life.

PISTON RINGS

Piston ring development during this peri-
od was centered on evaluation of the
single-solid configuration shown in Fig-
ure 1-10.

Piston Ring

Quad-Ring
Hat-Cycie Pressure

Cold-Cycie Pressure

Figure 1-10 Single-Solid Piston Ring

Three sets of single-solid rings were
tested successfully in the Mod I motoring
rig, and gave consistent results for mo-
toring power and cycle-to-cycle pressure
differences. Test results were compara-
ble to or slightly better than those for
the BOM split-solid piston rings. A 500
hr test of the split-solid rings was com-
pleted in the motoring rig, to form a
baseline for evaluation of the single-
solid rings. The 500 hr test of single-
solid rings was begun during December
1984. The single-solid rings were also
evaluated in Mod I engine No. 5.
Back~-to-back tests of split-solid and
single-solid rings were run, with the
single-solid rings giving slightly high-
er engine power at high speeds and pres-
sures. Single-solid rings were left in
the engine, have completed 90 hr of con-
sistent operation, and the engine-test
evaluation continues during early 1985.
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CONTROLS AND AUXILIARIES

The controls and auxiliaries are expected
to be major contributors to the achieve-
ment of engine/vehicle fuel mileage goals
for the Mod II engine. Therefore, devel-
opment effort was focused on those areas
of improvement which are slated for in-
corporation in the Mod II engine. Effort
was also devoted to modifications to ef-
fect a reduction in idle fuel f£flow.
After conducting an evaluation test of a
Mod I powered Spirit vehicle, General Mo-
tors (GM) had previously identified high
idle fuel flow as an area where signif-
icant improvement in engine fuel economy
might be made. New control algorithms
to allow stable idle operation at 400
rpm, 2.4 MPa mean pressure. These were
also tested in engine No. 8 in the Spirit
with good results. The PCV design was
changed to reduce the valve deadband by
two thirds. This will improve the tran-
sient response of the valve. Further im-
provements in the DAFC were made, with
successful test operation achieved on en-
gines No. 3 and 8. An improved igniter
power—supply circuit with better reli-
ability and durability was developed and
put into service.

Preliminary performance requirements and
system design were formulated for elec-
tric-motor drive for the combustion air
blower for the Mod II engine. A compan-
ion system was defined for a high-effici-
ency alternator to provide electric power
to the blower motor, as well as to all
other vehicle electrical systems. These
initial design studies indicated that
this electric power transmission system
from engine to blower will be more effi-
cient than the variator belt system em-
ployed on the Upgraded Mod I engine.

ITEP

The purpose of the ITEP was to provide an
independent evaluation of ASE technolo-
gy, and to provide a forum for U.S. auto-
motive and/or engine manufacturers to
input recommendations relative to im-
proving the design and manufacturability



of Stirling engines. It was also recog-
nized that such a program would provide a
larger engine test base from which Stir-
ling engine performance and durability
could be assessed.

Two industrial companies participated in
ITEP, namely; GM and John Deere and Com-
pany. The GM portion of ITEP was com-—
pleted in June 1984, with their testing
of Upgraded Mod I engine No. 8 installed
in a 1981 AMC Spirit vehicle. These
tests were reported in the previous Semi-
annual.

The Deere ITEP testing phase was com-—
pleted in October 1984, with their test
of Upgraded Mod I engine No. 9 at Deere's
Product Engineering Center in Waterloo,
Iowa. Deere 1is currently preparing a
test report to summarize their evaluation
of the engine. Engine No. 9 was built
with a reinforced crankcase assembly,
steel crosshead guides and high-tempera-
ture (820°C) heater heads. The engine
was tested at MTI prior to delivery at
Deere at tube temperatures of 720°, 770°,
and 820°C. Testing at Deere included op-
eration on gasoline, JP-4 and No. 2 die-
sel fuel.

Mod | Engine Test Program

At the end of 1984, ASE Mod I engines
have accumulated a total of 8681 hr of
test operation, as shown in Figure 1-ll.
A total of 2263 hr were accumulated dur-
ing this report period. Figure 1-12
shows the accumulation of test hours dur-
ing all of 1984 by individual engines.
Mod I engine No. 7 (devoted to main seals
development) has been the most active,
accumulating 960 hr during this report
period. This has been predominantly op-
eration under an "accelerated duty cycle"
to simulate both the steady-state and
transient effects of the EPA driving
cycle.

Mod I engine No. 3 accumulated 180 hr
during this report period, devoted to de-
velopment of the EHS, and evaluation of
both EGR and CGR combustors.

Mod I engine No. 1 has not been active
during this report period. Upgraded Mod
I engine No. 5 is tested in the MTI en-
gine test cell, and accumulated 199 hr
for a variety of development test pur-
poses during this report period. Up-~
graded Mod I engine No. 6 is located at
USAB and accumulated 349 hr of operation,
devoted primarily to endurance testing at
a heater-head temperature of 820°C.

Upgraded Mod I engine No. 8 (the ITEP GM
engine) has been installed in the Spirit
vehicle at MTI, and has accumulated 287
hr of operation during this report peri-
od. This has been predominantly in vehi-
cle transient tests, with evaluation of
controls and auxiliaries during tran-
sients a primary purpose. Upgraded Mod I
engine No. 9 started operation with this
report period, and has accumulated 218
operating hours. After initial tests at
MTI, the engine was shipped to Deere for
evaluation in their test cell. Further
testing was done at MTI after the engine
was returned from John Deere. Upgraded
Mod I engine No. 10 was built from Mod I
engine No. l. It was tested at USAB at
then delivered to NASA-LeRC for use in
NASA testing programs, and has accumu-
lated 81 hr this report period.

Mod Hl Engine Development and
Technology Assessment

Preliminary design of the Mod II engine
continued during this report period, cul-
minating in a Technology Assessment con-
ducted September 25-26, 1984. Design of
the Mod II durability test rig was com-
pleted and procurement/fabrication was
also virtually completed. The durability
rig is a first build of the Mod II Cold
Engine and Drive System (CEDS) based on a
preliminary -version of the Mod 1II
cast-iron V-block, using dummy heater
heads and no EHS. It is intended for mo-
toring tests to evaluate the roller bear-
ings and other new aspects of the Mod II
CEDS. Difficulty was encountered in ob-
taining a sound casting of the V-block.
Castings have been flawed by porosity in
a high-pressure gas-containing wall. De-
velopment of the casting process was con-
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tinued, in an effort to correct this
condition.

The Technology Assessment conducted Sep-
tember 25-26 examined the alternative
technologies available for each area of
the Mod II engine, and selected the pre-

ferred alternative for each item. The
dominant criteria for selection were: po-
tential for achieving Mod II en-
gine/vehicle performance goals, and
development/procurement risk. The se-

lection of Mod II engine configuration
and technologies made at that time is
summarized below:

EHS: CGR combustor (ribbon configura-
tion); conical fuel nozzle and separate
side igniter; metallic preheater; and,
Kanthal flamestone.

HES: CG-27 tube (Inco 625 back-up),
2.5>mm I.D./4.0-mm 0.D.; dense-pack,
single-separate fing of Inco 601 materi-
al; and, two parallel heater-head config-
urations:

* Configuration No. 1 - (low risk for
manufacturing lead time); XF-818,
two manifolds.

Configuration No. 2 - (high perfor-
mance potential); HS-31 material,
one or zero manifolds.

Mesh-type regenerator with no outer
can or shell.

Metallic partition wall; cooler
with thin, high-strength wall.

CEDS: Engine V-block to be an interim
machined, multi-piece configuration
(casting considered high-risk for meet-
ing Mod II assembly schedule); roller
bearings; single-solid piston rings of
Rulon LD; PL rod seals of Rulon J, with
cap seal.

Controls and Auxiliaries: Mean-pressure
control with 400 rpm idle speed; elec-
trically driven PCV, 4 & H, storage bot-
tle; two-stage H, compressor; improved
check valves. DAFC with optimized A con-
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trol; micropump fuel metering pump; and,
Hitachi air-measuring unit. DEC to be
the Texas Instruments type 9995 micro-
processor with five boards. High-vol-
tage/high-speed alternator; centrifugal
combustion air blower and atomizing air
compressor to be electrically driven;
single 24 V battery.

The Mod II vehicle definition was also
finalized during this report period to be
a 1985 Chevrolet Celebrity with a four-
speed manual transmission, 3125 1lb
inertia-weight class. The vehicle system
will include dual, staged radiator fanms,
power steering pump, and no air
conditioning.

Mod 1l Engine Final Design

After selection of the Mod II configura-
tion at the Technology Assessment, ini-
tial detail design of the Mod II
commenced October 1, 1984. The engine
block was redesigned to further reduce
weight and to improve castability. An
"analog" of the cast V-block configura-
tion was designed to be machined from
forged AISI 4130 material. This will be
employed for initial build of the Mod II
engines, to avoid the perceived high risk
attached to the cast block design, which
will progress in parallel.

Extensive analysis of the roller bearings
for crankpin and crankshaft main bearing
locations was performed. It was deter-
mined that journal diameters must be in-
creased from 35 to 38-40 mm to avoid
excessive misalignment in the roller
bearings due to crankshaft bending de-
flections. Bearing dynamic load capacity
must also be increased above that of pre-
liminary bearing selections, to ensure
meeting bearing life goals.

Algorithms for all engine parasitic loss—
es (e.g., piston-ring losses, blower pow-
er, waterpump power, etc.) and other
engine modeling functions were formu-
lated in November and a first optimiza-
tion of the Mod Il engine was commenced
in December.




Work Planned for January-June 1985

During the period January 1 through June
30, 1985, the major activities listed be-
low are scheduled for completion.

Final optimization of the Mod II
engine and detailed definition of
engine configuration.

Generation of

engine performance
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maps for the Mod II engine.

Completion of detail drawings for
for the Mod II BSE.

Completion of the BSE Design Re-
view, April 2-3, 1985.

Definition of SES component design
and preliminary execution of detail
drawings for SES components, pre-
paring for SES Design Review early
in August 1985.



Il. REFERENCE ENGINE SYSTEM DESIGN

The 1983 update to the RESD was completed
during the first half of 1984 with devel-
opment of the manufacturing cost for the
V-4 concept (Figure 2-1).

Figure 2-1 V-4 Mark V RESD

During the second half of 1984, all
available program resources were devoted
to the Mod II engine design effort.
Therefore, no further work was done on
the RESD during this report period. The
next concerted effort to update the RESD
will occur in 1986,



COMPONENT AND TECHNOLOGY DEVELOPMENT

EHS Development

Activity during July-December 1984 con-
centrated on completing the evaluation of
CGR combustor designs and the conical
nozzle in order to meet the deadline for
the Mod II combustion component decision
in January 1985. The testing of alter-
nate EGR turbulator designs was also com-
pleted during July-December.

Several ceramic preheater test sectionsg

were evaluated for performance and dura-

bility in the preheater rig. Unexpected
problems with the conical fuel nozzle
were uncovered during the early part of
1984 and considerable effort focused on
understanding and seeking solutions to
these problems.

The analysis of constant volume sample
(CVS) cycle emissions was extended to in-
clude predictions of CO emissions.

An attempt to relate CO emissions to tube
temperature was also made. Refinements
to these predictions will be made in
1985.

FUEL NOZZLE DEVELOPMENT

Development of the conical fuel nozzle
continued during July-December with ini-
tial efforts concentrating on verifying
the effectiveness of the nozzle design
improvements (Figure 3-1).* A number of
problems arose during the testing, in-
cluding increased soot levels and later,
increased rear-row heater-head AT. A
concentrated effort to understand and
solve these problems ensued.

Tests on engine No. 8 with the improved
nozzle and BOM Upgraded Mod I EGR combu-
stor showed no signs of fuel leakage.

This implied that the new seal arrange-
ment was performing as desired. There
were no indications of melting of the
seal which had previously plagued the old
seal system. The slight improvement in
heater-head AT illustrated in Figure 3-2
seemed to demonstrate the benefit of the
improved atomizing airflow distribution.
Soot 1levels, however, appeared higher
than previously experienced. Soot in-
creased uncharacteristically with load
to the extent that excessive preheater
plugging resulted and the engine couid
not be run at maximum power. While rela-
tively high soot levels had been measured
during earlier testing, they occurred at
mid-fuel flows (1.0 < fuel flow < 3.0
g/s) and were not severe enough to cause
excessive preheater plugging as was now
the case.

An extensive test program was conducted
to determine the cause of the sooting and
investigate means of reducing the soot to
acceptable levels. The investigation was
intended to determine the contributions
of the A/F control (DAFC versus K-Jetron-
ic), fuel nozzle design and combustor de-
sign on soot levels. The tests were
conducted at USAB in both the combustion
rig and engine No. 3. The rig used a
K-Jetronic A/F control while the engine
was run with both the K-Jetronic and
DAFC.

The rig tests are summarized in Table 3-1
(shown on page 3-18). As noted in the
table, several combustor/turbulator and
fuel-nozzle configurations were run.
Figure 3-3 compares the various combu-
stor/turbulator designs and Figure 3-4
defines the conical nozzle changes. The
results showed that:

* Soot levels with the BOM EGR turbu-

*Figures can be found at the end of the section beginning on page 3-18.
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lator were consistent with those

measured on engine No. 8.

* Changes to the conical nozzle or
even damage to the atomizing air
sleeve made little difference in
the soot or emissions performance.

* The more intense, concentrated
swirl of the P-40 turbulator re-
sulted in improved performance.

an intense combustion
as with
3"3C) ’

* Establishing
zone close to the nozzle,
the MTI combustor (Figure
while beneficial to AT and soot,
results in severe over-heating of
the combustor and nozzle parts.

Engine No. 3 tests with the conical noz-
zle were run to determine the effect of
A/F control on the soot level and to ver-
ify the improvement in soot with the P-40
turbulator. The configurations tested
with the nozzle were:

* P-40 turbulator/DAFC
* BOM turbulator/DAFC
* BOM turbulator/K-Jetronic.

A summary of the soot emissions from
these tests is shown in Figure 3-5. It
was concluded from the test results that:

* Soot levels
the P-40
levels.

were improved with
turbulator to acceptable

emissions were
with either the K-Jetronic

¢ Soot and gaseous
similar
or DAFC.

the air throttle
in turn, caused
A/F ratio, was a

* Fluctuations in
position which,
large swings 1in
major contributor to high CO and
soot levels. Neither A/F control
could counter these fluctuations.

fuel nozzle 1is more
sensitive to fluctuations than the
BOM nozzle. However, the sensitiv-
ity was reduced when the BOM turbu-
lator was replaced with the P-40.

* The conical

Finally, it was concluded that the soot
levels produced by the conical nozzle/
Upgraded Mod I BOM combustor combination
have always been unacceptable. The rea-
son they did not appear as severe in ear-
lier tests on engine No. 5 (previously
designated Upgraded Mod I engine No. 10)
may have been that fluctuations of the
air throttle were minimized during these
tests by limiting the air throttle posi-
tion. A variations were alsoc minimized
before data was taken.

The performance evaluation of the conical
nozzle with the P-40 turbulator was con-
tinued in engine No. 5. As Figures 3-6
and 3-7 indicate, CO and soot emissions
were consistent with those measured on
engine No. 3. The straight-slot atomiz-
ing air sleeve also resulted in accepta-
ble, although slightly higher, CO and
soot levels (Figures 3-8 and 3-9).

The heater head temperature distrib-
ution, however, began to deteriorate dur-
ing the test series. Figure - 3-10
summarizes the tube temperature spreads
recorded on both engines No. 3 and 5.
Engine No. 3 AT is based on four thermo-
couples (T/Cs) while engine No. 5 spread
is based on eight T/Cs. Of concern was
the increase in AT at 3.5 and 4.5 g/s fu-
el flow from 55° and 75°C, respectively
to 120° and 150°C. In general, the tem-
perature spread with the conical nozzle
is somewhat higher than with the BOM noz-
zle at all conditions. Surprisingly, the
temperature spread of the combustion gas
after the rear row (Figure 3-11) was bet-
ter with the conical fuel nozzle at fuel
flows above 2.0 g/s. The peak values
were, however, higher than those with the
BOM nozzle.

The sudden increase in AT is still not
understood. Changing atomizing air swirl
sleeves or nozzle stackup did not signif-
icantly change the level of the temper-
ature spread. Efforts to understand and
reduce the AT to acceptable levels will
continue in 1985. The benefit of the
lower atomizing airflow of the conical
nozzle is still significant. Lower main-
tenance requirements, as a result of the




nonplugging feature of the nozzle, are
also desireable.

EGR DURABILITY AND AERODYNAMICS

As part of a program to improve the reli-~
ability and durability of the Upgraded
Mod I EHS, several alternate EGR turbula-
tors (Table 3-2 and Figure 3-12), and the
aerodynamically modified turbulator
(Figure 3-13) were evaluated during July-
December. Only alternate No. 5 of Table
3-2 exhibited as good or better perform-
ance in terms of CO, soot, and AT than
the P-40 turbulator. Alternate No. 5
performed somewhat better than the P-40
with the BOM nozzle. Overall, the P-40

appeared more suited to both ceonical and

BOM nozzles as indicated in the CO and
soot emissions of Figures 3-14 and 3-15.

TABLE 3-2
EGR TURBULATOR DESIGNS

Alternate No.
1 2 3 4 S ]
Ri (mm) [} 15.00 | 20.00 o} 15.00 | 20.00
0 (mm) 70.00 | 70.00 | 70.00 | 60.00 | 60.00 | 60.00
t  (mm) 1.00 1.00 1.00 1.00 1.00 1.00
b (mm) 4.91 4.96 5.00 5.13 4.9 $.00
N 36.00 | 32.00 | 30.00 {30.00 | 24.00 | 20.00
8 10.00 | 36.80 1 46.85 | 12.00 | 45.81 | 59.53
LY (em2)| 30.00 | 30.00 | 20.00 | 20.00 | 20.00 | 20.00
Aq (cm4%)| 38.48 | 38.48 | 38.48 | 28.27 | 28.27 | 28.27
A3 (cm#)| 38.48 | 37.41 | 25.90 | 28.27 | 21.2! | 15.71
H™ (mm) 17.00119.00! 20.0C | 13.00 | 17.00 | 20.00

In view of the excellent performance
achieved with the previous turbulators,
further EGR aerodynamic development was
deemed unnecessary and the recommenda-
tion to replace all Upgraded Mod I BOM
turbulators with the P-40 design was
made. The EGR combustor would still be
used as a test bed for oxidation-resis-
tant coatings as well as alternative ma-
terial evaluation.

Figure 3-16 identifies four oxidation-
resistant coatings applied to a single
Upgraded Mod I BOM combustor. The combu-
stor 1s scheduled for test during the
first half of 1985. A preliminary inves-
tigation into the fabrication of a combu-
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stor shell out of an oxidation-resistant
alloy, Cabot 214, was begun and will be
completed in 1985.

CGR COMBUSTOR DEVELOPMENT

Considerable progress was made during
July-December in CGR combustor develop-
ment, leading to the definition of a CGR
system for Mod II. Minor modifications
to the 12~tube, TTE combustor (Figure 3-
17) greatly improved performance. Ini-
tial test results indicated excellent CO
and soot levels (Figures 3-18 and 3-19)
while yielding acceptable NO, emissions
(Figure 3-20). Extensive cold flow and
performance rig testing of the l6-tube,
42-tube, and ribbon combustors were per-
formed during July-December. Initial
tests of the 16- and 42-tube combustors
with the internal turbulators (Figure 3-
21) indicated that back pressure produced
by the turbulator reduced recirculation
to much lower levels than were obtained
during cold-flow tests with single ejec—
tors. After this discovery, considerable
effort was made to increase the level of
recirculation, and to reduce soot levels
with the conical nozzle.

Table 3-3 (shown on page 3-24) summarizes
the modifications which were made to both
the 42-tube and ribbon combustors, and
summarizes the subsequent test results.
The combustors are illustrated in Figures
3-22a through 3-22e.

While none of the combustors performed
nearly as well as the TTE/BOM nozzle com-
bination, the data from configuration No.
3 was encouraging. As the soot emissions
of Figure 3-23 illustrates, the reduction
in turbulator diameter improved the emis-
sions in a similar manner as the changes
to the EGR turbulators previously men-
tioned, by increasing swirl intensity.
The increased soot level at lower fuel
flows was probably a result of the fuel
nozzle location. As Figure 3-22c¢ illus-
trates, the nozzle is far above the mix-
ing tube exit, which results in poor
mixing and rich zones as the air and fuel
flow are reduced. The NOx emissions of
this configuration were increased as a



result of the reduced recirculation
caused by the decreased diameter. Figure
3-24 clearly demonstrates this effect.
The temperature spread (Figure 3-25) was
also very good and, in fact, better with
the conical nozzle than the BOM fuel
nozzle.

The data from the ribbon combustor tests
showed low NOy emissions, but unaccepta-
ble soot and CO emissions. This was pri-
marily due to the large combustor exit
diameter. While the external turbulator
was sufficient to stabilize the flame
(the mixing channels of the ribbon combu-
stor are radial and thus, impart no
swirl) it did not improve soot emissions
to acceptable levels.

In view of the excellent preliminary re-
sult with the TTE combustor, CGR develop-
ment in 1985 will concentrate on
extensive evaluation of this combustor
for Mod II. Other CGR combustor develop-
ment will proceed as an RESD effort.

TRANSIENT EMISSIONS

Continued analysis of the CVS urban-cycle
vehicle-emissions data led to a refine-
ment of the HC emissions predictions as
well as a prediction of CO emissions. As
with unburned hydrocarbons, most of the
CO is formed during start-up and the ini-
tial vehicle accelerations of the urban
cycle. CO emissions during this sub-
phase could be related to a drop in heat~
er head tube temperature. The distrib-
ution of CO emissions as determined from
the data of Table 3-4 is:

/mi = 0.43 (th + Ys)+ . (Yht + Ys)
g bee + s/t 027 \Dhe + Ds
where:

Yct = Mass emissions as calculated
from the transient phase of
the cold start test (80 sec
warmup + Phase 1I) in g/test
phase.

Ys = Mass emissions as calculated

from the stabilized phase of
the cold start test (Phase II)
in g/test phase.

Yht = Mass emissions as calculated
from the transient phase of
the hot start test (30 sec
warmup + Phase III) in g/test
phase.

Measured distances during the

respective phase of the test.

Dct,Ds,
Dht

TABLE 3-4

CO EMISSION FROM GM CVS URBAN-CYCLE
TESTING OF SPIRIT STIRLING VEHICLE

Run
No .

30 s
wWarmup

(%)

80 s
Warmup

(%)

Ygt

g/mi Yct Vs ynt (%)

6008
6015
6035
6038

15.2
23.8
22.44
24.0

46.5
43.5
42.4
42.2

1.87
1.86
1.94
1.89

26.16
23.49
23.65
24.01

0.88
0.66
1.29
0.865

3.a
5.91 (7).
5.79
6.06 171,

n®ng
(G R ]
¥ Y=Y ]

These terms
Figure 3-26.

are graphically defined in

Figure 3-27 illustrates the initial at-

tempts to quantify the effect of tube
temperature on CO. Parametric engine
testing 1is planned in 1985 in which

steady-state data will be obtained and
used to refine the correlation.

CERAMIC PREHEATER

Ceramic preheater test sections manufac-
tured by Coors were evaluated for per-
formance and durability. Results of
performance tests, which were published
in the previous Semiannual, showed per-
formance comparable to the metallic pre-
heater. The durability and repeatability
of these test sections need further de-
velopment; however, the basic material
(the Coors proprietary mixed-oxide mate-
rial) and the design have been validated
by a very successful test section. This
test section was received with only a 1
to 1-1/2% leak rate, was then performance
tested and subjected to thermal cycling
tests simulating engine start-up and
shutdown. After a total of 300 of these
cycles, the leak rate remained at the low
1 to 1-1/2%. Other test sections made
from the same material did not result in
acceptable leakage. A meeting was held
at Coors to discuss this repeatability
problem and plan future efforts. It was
decided to fabricate eight additional




test pieces made with the mixed-oxide ma-
terial and the process as close as possi-
ble to the one used to fabricate the one
successful block. Also, some tooling
change will be made in order to improve
the producibility of the ceramic plates.
A purchase order was approved and sent to
Coors for eight additional blocks and the
needed tooling changes. Delivery of the
new tooling and equipment purchased by
Coors to expedite production of the
blocks is expected in April 1985, with
the first of eight blocks to be delivered
in June 1985.

HES Development

The primary goal

velop a manufacturable annular heater
head that performs with high efficiency,
develop heat transfer correlations to
predict the performance of the Mod II
heater head, and to complete a ceramic

| 4 - 1 - P .
s ¢f this task are toc de

partition wall for testing on an annular

P-40 engine.

One component critical to the success of
the Mod II engine is the annular heater
head. In order to reduce the risk of
this component, a decision was made to
begin development of this component at an
early stage so as to allow sufficient
time to solve any problems that might
arise. These prototype heater heads will
be used for fatigue testing and for flow
distribution evaluation. In order to re-
duce the risk of the new size tubes,
front row gap, and new style fins, both
rig and engine tests of the Mod II geom-
etry will be conducted. Also, an addi-
tional partition wall made from a ceramic
and metallic component was fabricated in
an effort to reduce heat conduction loss-
es. This wall is to be evaluated in the
P-40R engine.

Efforts during the second half of 1984
centered on prototype heater head manu-
facture, heater head flow testing, manu-
facture of heat transfer rig test
sections of both Mod I and Mod II tube
and fin geometry, fabrication of an Up-
graded Mod I heater head with Mod II size
tubes and Mod II style fins, and fabri-
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cation of the ceramic partition wall for
the P-40R. Primary objectives for the
first half of 1985 are the completion of
the prototype heater head, rig testing of
Mod I and Mod II tube and fin geometry,
engine tests of the Mod II tubes and fins
on the Upgraded Mod I engine, and design
input to the Mod II heater head.

HEATER HEAD DEVELOPMENT

The purchase order with Howmet Turbine
Components Corporation for the prototype
heater head castings was placed late last
year. After approximately six months of
trial manufacture, the first metal cast-
ing was poured in July. By the end of De-
1584, a total of 27 castings had
been poured with successive improvements
in the tooling and process. Significant
improvements in dimensional control of
the casting were made. Also, a casting
was successfully fabricated without
tube-hole core posts. Breakage of these
core posts on previous engine heater-head
castings (both Mod I and Upgraded Mod I)
during the casting process has been a
consistent problem, particularly for the
Mod II heater head due to the long mani-
fold arms. Work continues on these cast-
ings with fatigue samples expected early
in 1985.

Leuver

Fabrication of both front and rear heat-
transfer test sections for the Mod I and
the proposed Mod II geometry were com-—
pleted. These test sections are being
sent to USAB for testing in their DMR
heat-transfer rig. This rig simulates
the heat transfer process from the com-
bustion gas to the heater tubes by using
a double-wall tube arrangement (concen-
tric tubes) with water flowing through
the inner tube and a stagnant gas layer
in the annulus. The composition of the
gas (and associated thermal conductivi-
ty) determines the heat flux for a given
tube temperature. Therefore, by control-
ling the gas composition (ranging from
air to helium), the heat flux can be in-
creased for a given heater-tube set tem-
perature. Testing on this rig will take
place early in 1985.




Fabrication of an Upgraded Mod I heater
head utilizing tubes of the smaller Mod
II diameter and Mod II-style fins was
completed. Testing of the heater head,
which will take place in early 1985, will
be back-to-back with a standard Upgraded
Mod I heater head, thereby determining
the impacts of front row tube diameter,
tube pitch, and the Mod II style fins in
an engine environment. Existing heat
transfer correlations will be used to
compare performance, thereby validating
the Mod II design.

Plastic models of prototype Mod 1II
heater-head manifolds were fabricated
using wax cores from Howmet identical in
geometry to those used for metal casting.
Results indicated good flow distribution
between tubes, approximately equal to
that of the Mod I heater head and consid-
erably improved over the Upgraded Mod I.
These results are presented in Fig-
ure 3-28.

PARTITION WALL DEVELOPMENT

The ceramic partition wall was completed
and is ready for testing on the annular
P-40R engine at USAB.

Materials and Process Development

The goal of this task is the utilization
of low-cost, low-strategic-element con-
tent materials in the ASE, capable of
surviving 3500 hr of automotive duty
cycle exposure. Additionally, this task
functions to provide materials-related
support to the Mod II design and RESD
component-development activities. Ac-
complishments during the second half of
1984 included:

* Completion of the report on HTP-40
alternative materials testing.

* Design and procurement of ceramic
(PSZ) heater head partition walls
for P-40R testing.

* Verification of heat treatment and
joint design for Mod II piston rod/
piston base joint,

* Determination of room temperature
fatigue properties of XF-818.

Activities planned for the next reporting
period include:

* Hydraulic fatigue testing of Mod II
heater head casting of XF-818.

* Determination of stresses 1in the
XF-818 Mod II heater head castings
via strain gages.

* Hydraulic fatigue testing of Mod II
cast iron V-block simulating an
actual engine duty cycle.

* Analysis of Mod II design for hy-
drogen compatability by Dr. Anthony
Thompson.

HTP~40 TESTING (820°C) OF ALTERNATIVE
HEATER HEAD MATERIALS

This task, which began in 1980, was com-
pleted in October 1984. The main purpose
of the test was to rank the candidate
heater head casting alloys, and to vali-
date the selection of the heater tube
alloy. This was to be accomplished by
first accumulating engine operating ex-
posure and then running an accelerated
duty cycle to attempt to break the cast-
ings and heater tubes. The test results
are reported in detail in the 1984 Con-
tractors Coordination Meeting (CCM) and
are summarized below.

Eight quadrants were manufactured, two of
each candidate alloy, and one of the ref-
erenced material (HS-31). Heater tubes
of the five candidate materials were used
to build the quadrants according Table
3-6.

The test results ranked the candidate
heater head casting alloys in the follow-
ing order:

1. XF-818
2. CRM-6D




TABLE 3-6

HEATER HEAD HOUSING AND TUBE
MATERIAL COMBINATIONS

Quadrant Material
No. Casting Tube
1 HS-31 Inconel 625
2 CRM-6D Sanicro 32
3 XF-818 12RN72
4 SAF-11 CcG-27
5 HS-31 Sanicro 32
6 CRM-6D Inconel 625
7 XF-818 12RN72
8 SAF-11 Sanicro 31H

One casting each of alloy CRM-6D and
SAF-11 failed. CRM-6D sprung a leak
while SAF-1l failed catastrophically by
breaking into two pieces. The XF-818
casting, while developing several near-
ly-through—-the-wall cracks, did not leak
after 1600 hr of operation. The composi-
tion of each alloy is indicated in Table
3-5 (shown on page 3-25).

The heater tube selection of CG-27 for
the Upgraded Mod II was continued as the
best choice followed by Inconel 625,
Both of these alloys performed satisfac-
torily in the hotter-than-normal combu-
stor. Sections of heater tubes operated
above 900°C while a maximum of 870°C was
required. Alloy 12RN72 showed a severe
susceptibility to oxidation and failed by
oxidation-assisted creep. Sanicro 31 and
32 H both have low creep strength.

ROOM TEMPERATURE FATIGUE STRENGTH OF CAST
XF-818

The room temperature fatigue properties
of cast alloy XF-818 were determined at
R=.5 and R=-1. This data will compliment
previously determined elevated temper-—
ature tensile and fatigue property data
for cast alloy XF-818.

The results of the room temperature fa-
tigue testing are shown in Figures 3-29
and 3-30, compared to the elevated tem-
perature fatigue strength. The fatigue
endurance limit at maximum stress was
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found to be 375 MPa (54.4 ksi) for R=.5
and 180 MPa (26.1 ksi) for R=-1 at room
temperature. These data are being used
to optimize the design of the lower end
of the heater head castings.

HEATER HEAD CERAMIC PARTITION WALL

This activity focused on the selection
and subsequent procurement of insulating
ceramic heater head partition walls to be
performance evaluated on a P-40R engine.
A Nilcra TS-Grade, partially-stabilized
zirconia (PSZ) was selected, based on
considerations of thermal conductivity,
resistance to thermal shock, coefficient
of thermal expansion and component avail-
ability. 1In all, partition-wall
assemblies were procured with each assem-
bly consisting of an interference fit PSZ

eioht
eight

cylinder insert inside of a stainless
steel canister. These will be tested in
1985.

PISTON ROD/PISTON BASE JOINT DEVELOPMENT

This task had as its goal the development
of a fatigue and leak resistant joint be-
tween the piston rod and piston base. It
also served to establish the heat treat-
ment procedure required to ensure the
proper hardness conditions in various
sections of the piston rod.

The piston rod and the piston base are
mechanically held together by an inter-
ference fit. The seam between the two
parts which results from this fit must be
sealed off to prevent leakage of the hy-
drogen working gas. Both brazing and
welding techniques were investigated as a
means of creating this seal. Based on
parametric evaluations of various tech-
niques for forming this seal, Tungsten
Inert Gas (TIG) Welding was found to be
most effective.

The heat treatment procedure specified
for the piston rod was shown to effec-
tively produce the required core and sur-
face hardness conditions in the piston
rod. A surface hardness value of Rock-
well C70 on the running surface of the
rod is achieved by gas nitriding, while a




core hardness value of Rockwell C50 in
the crosshead-end of the rod is achieved
through induction hardening.

A fatigue test program to verify the in-
tegrity of the joint design was initi-
ated. Failure of a test specimen after
3.4 million cycles at 100%Z of full load
was found to have been caused by high
stresses, accompanied by fretting in the
joint. A redesign of this high-stress
area and continued design verification
fatigue testing are scheduled for the
next report period.

Cold Engine System (CES) Development

The primary objective of CES activity is
to develop reliable, effective, long-
life rod seals and piston rings. Devel-
opment activity during the second half of
1984 was directed at the evaluation of PL
seals and alternative rod seals in en-
gines, in the exploratory test rig, and
at the testing and development of a
single-piston-ring system in the motored
engine.

Rod seal and piston ring development will
continue during 1985, although testing
will be mainly carried out in engines.

MAIN SEALS

A summary of the seal testing conducted
in the exploratory rig is given in Table
3-7 .

TABLE 3-7
SUMMARY OF SEAL TESTS

Seal Seal Type/ Preload Test

Set Material (i1b) Hr Test Cycle

43 pPL/HABIA PTFEl &0 100 RLDC #42

50 PL/HABIA PTFE 80 392 RDLC #4

51 PL/HABIA PTFE 80 506 RDLC #4

52 PL/HABIA PTFE 80 34 Low
Pressure/
Speed

53 DA3/Vespel SP21 80 4 RLDC #4

54 DA/Vespel SP21 80 17 RLDC #4

55 DA/Rulon J 80 51 RLDC #4

lPolytetrafluorolethylene
Reduced l1ife duty cycle #4
Double angle
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As reported in the previous Semiannual,
two sets of BOM HABIA PL seals (seal sets
46 and 47) were tested in the exploratory
rig using reduced life duty cycle No. 4
as shown in Figure 3-31. With seal set
46, failure due to o0il leakage occurred
after 236 hr. Seal set 47 completed 501
hr with essentially no oil leakage. Seal
set 49, also BOM HABIA PL seals, was bas-
ically a repeat of the previous tests.
Initially, both seals gave very high hy-
drogen leakage. This did not change sig-
nificantly with operating time and the
test was abandoned after 100 hr. There
was no damage to the rod or seals. How-
ever, the inner surfaces of the seals
which conform to the rod were not uniform
and appeared to be shorter in axial
length than normal; this could account
for the high gas leakage. During the

test there was no oil leakage past the
seals.
To investigate the 1influence of bore

diameter on seal performance, two HABIA
PL seals were selected which had bores
0.015 mm smaller than the minimum speci-
fied diameter for BOM seals (seal set
50). After the initial break-in period,
friction and hydrogen leakage were simi-
lar to those seen with other PL seals.
The test was terminated after 392 hr when
oil was detected in the seal housing.
Subsequent inspection showed that the oil
leakage was from the bottom seal only and
that it had leaked between the seal and
its seat.

In seal set 51 the seal bores were within
the specified manufacturing range. The
objective of the test was to determine
whether the seals could complete 500 hr
of testing under reduced life duty cycle
No. 4. The test was terminated after 506
hr. During this period hydrogen leakage
was low and no oil leakage was detected.
Post test inspection showed that some oil
had entered the seal housing past both
seals and was present on the loading
sleeves and seal seats, although the
amount of o0il leakage was small and not
sufficient to form a pool. It appeared
that the oil had leaked between the seals
and the seats.




Up to this point, rig testing of main
seals had concentrated on speed and pres-
sure conditions which the seals would ex-
perience during normal Mod I engine
operation. In the Mod II engine design,
there is an intent to reduce the pressure
and speed at idle, which raised the ques-
tion of whether this might have an ad-
verse effect on the operation of the PL
seal. To investigate this a pair of
HABIA PL seals were tested in the explor-
atory rig (seal set 52). The results are
summarized in Figures 3-32 through 3-34.

At a constant speed of 400 rpm, measure-
ments of friction force for the two seals
and the seal temperature were recorded,
with hydrogen pressures ranging from 150
to 500 psi. Over this pressure range,
the friction force was virtually constant
at 13 1b, The variation in seal temper-
ature was on the order of 1°C and aver-
aged v32°C. The low friction force and
seal temperature indicate no adverse ef-
fects under these conditions.

The test was repeated at 500 rpm (this
time with different oil inlet temper-
atures) with results very similar to
those at 400 rpm. The oil inlet temper-
ature had virtually no effect on the
friction force as shown in Figure 3-33
For each case, the seal temperature was
virtually constant at 3-5° above the oil
inlet temperature.

In a third test, the hydrogen pressure
was maintained constant at 150 psi and
the speed varied up to 3000 rpm. With an
0il inlet temperature of 39°C, there was
little change in friction force as shown
in Figure 3-34. At a higher inlet tem-
perature (52°C), the friction force was
generally lower, although more variable.

The data does not provide a complete pic-
ture of the interactions of speed, pres-—
sure, and oil inlet temperature with
friction force and seal temperature.
However, it does indicate that the PL
seals are capable of operating normally
at low speeds and pressures.
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One further test was carried out to rep-
resent engine start-up conditions. The
oil supply to the seals was shut off and
the rig allowed to stand for v'15 hr. The
rig was then started and the speed set at
400 rpm. For ¥25 sec the seal friction
remained at a low level similar to that
seen with oil supply on. After this, the
friction started to increase rapidly and
there was a corresponding increase in
seal temperature. The test was stopped
at that point. This indicated that even
after an extended stationary period,
there was sufficient oil trapped in the
rod/seal interface to allow the seal to
operate satisfactorily for a period of
time much longer than it would take for
the oil supply to reach the seals during
an engine start,

Seal set 53 was a potential alternative
rod seal design based on the double-angle
principle as shown in Figure 3-35. The
seal was made from Vespel SP21. The
seals gave low gas leakage; however, the
test was abandoned after 41 hr of testing
under reduced life duty cycle No. 4 when
0il was detected in the seal housing.
Inspection revealed that there had been a
large leakage of oil past both seals.

In an attempt to eliminate the oil leak-
age the double—-angle seal design was mod-
ified by increasing the inlet angle on
the low pressure side of the seal. These
modified seals (seal set 54) were also
tested using reduced-life duty cycle No.
4. Initially, both seals gave low hydro-
gen leakage; however, the leakage past
the bottom seal increased with time. The
test was terminated after 17 hr when oil
was detected in the seal housing. At
this time hydrogen leakage past the bot-
tom seal exceeded 10 cc/min while that
from the top seal was only 0.25 cc/min.
Inspection showed that the rod was scored
and discolored where it passed through
the bottom seal. This was consistent
with the increase in friction force which
occurred during the test. Although oil
had leaked into the seal housing it ap-
peared that the modified design had pre-
vented an adequate oil film from being



formed between the rod and bottom seal
leading to failure.

The seals in seal set 55 were also
double-angle seals similar to those shown
in Figure 3-35. However, in this case,
the seals were made from Rulon J. After
51 hr of testing under reduced-life duty
cycle No. 4, oil was detected in the seal
housing and inspection revealed that
there had been a substantial oil leakage
past both seals.

As discussed in the previous Semiannual,
there was reason to believe that prema-
ture PL seal failures experienced in the
Mod I engine were caused by excessive
crosshead clearances which resulted from
differential expansion of the aluminum
crosshead guides and steel crossheads.
The validity of this was demonstrated in
P-40 engine tests where different cross-
head clearances were used in each cylin-
der. These tests were carried out using
the accelerated duty cycle shown in Fig-
ure 3-36 and initially using HABIA PL
seals. In the first test the crosshead
clearances were 40, 82, 100, and 120 Mm,
respectively. The test showed a definite
correlation between seal failure (oil
leakage) and crosshead clearance. After
270 hr of testing there was no oil leak-
age past the seal which had a crosshead
clearance of 40 um. However, the other
three seals had leaked o0il and the amount
of o0il leakage increased with crosshead
clearance.

In the second test, a smaller range of
crosshead clearances was used as shown in
Table 3-8. 1In this test Rulon J, PL
seals were used with the accelerated duty
cycle. The test was continued until all
four of the original seals had failed.
The last seal to fail was in cylinder No.
3; the failure was due to excessive gas
leakage into the crankcase. In cylinder
No. 1, high gas leakage occurred after
438 hr. The rod and seal had both been
scored by some unknown foreign material.
A new rod and seal were installed and
completed 909 hr without failure before
the test was terminated. In cylinder No.
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2 the first seal failed after 756 hrj in
this case the failure was due to oil
leakage. The seal had deformed, produc-
ing a convergent inlet on the low— pres-
sure side of the seal. A second seal was
installed and completed 592 hr without
failure. In cylinder No. 4 the first
seal failed after 1285 hr due to exces-
sive gas leakage into the crankcase. A
replacement seal was installed and ran
for 62 hr without failure before the test
was terminated.

TABLE 3-8
P-40 ENGINE NO. 9 CROSSHEAD CLEARANCES

Cylinder
1 2 3 4
Crosshead
Clearance (um) 18 1 41152 |65

As previously reported, an alternative
rod seal design (a pumping ring seal
shown in Figure 3-37) demonstrated good
performance 1in rig testing. To give a
comparison with the PL seals, four pump-
ing ring seals made from Rulon J were in-
stalled in P-40 engine No. 9 with the
same crosshead clearances given in Table
3-8 and run to the accelerated duty
cycle. The total duration of the test
was 1342 hr during which time the seal in
cylinder No. 2 did not fail. In cylinder
No. 1 o0il leakage was detected after 407
hr. This was the result of damage to the
lower external O-ring incurred during as-
sembly and was not a primary seal fail-
ure, The same fault occurred with the
replacement seal after an additional 744
hr. In cylinder No. 4 oil leakage was
detected after 407 hr due to wear of the
brass washer located under the base of
the seal, which was probably the result
of the large crosshead clearance. The
washer and seal were replaced and ran for
an additional 666 hr before oil leakage
occurred due to wear of the washer. 1In
cylinder No. 3 oil leakage occurred after
1073 hr; however, in this case there was
no obvious explanation. In comparison,
the performance of the pumping ring seal
and the PL seal are essentially the same.




To confirm that excessive crosshead
clearance was the major cause of prema-
ture seal failures in Mod I engines,
Mod I engine No. 7 was assembled with
steel crosshead guides (instead of alumi-
num) to eliminate the effects of differ-
ential expansion. Apart from the change
in material, the crosshead guide dimen-
sions conformed to the BOM dimensions
(actual crosshead clearances are given in
Table 3-9). HABIA PL seals were in-
stalled in cylinders No. 1 and 2. Rulon
J PL seals were installed in cylinders
No. 3 and 4 and the engine was run with
the accelerated duty cycle. The test was
terminated after a total of 2158 hr when
a regenerator failure caused extensive
contamination of the engine and damage to
components. Prior to this the seals in
cylinders No. 1 and 3 had operated with-
out failure. In cylinder No. 4 oil leak-
age was detected after 411 hr., The oil
leakage was the result of deformation of
the seal where it had been extruded be-
tween the piston rod and the seal seat.
Subsequent inspection revealed that the
bore of the seal seat was oversize. This
had accelerated the extrusion process and
therefore the oil leakage cannot be clas-
sified as a primary seal failure. A new
seal and seat were installed and the re-
placement seal ran for an additional 766
hr before o0il leakage occurred again.
This was classified as a primary seal
failure since there were no apparent ex-
traneous factors involved. A new seal
was installed and ran for an additional
980 hr before the test was terminated.
In cylinder No. 2 the original seal ran
for 1590 hr before oil leakage was de-
tected. Inspection indicated that this
failure was due to an oversize seal seat.
The replacement seal completed the re-
mainder of the test period, 658 hr, with-
out failure.
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TABLE 3-9

CROSSHEAD CLEARANCES FOR MOD | ENGINE
NO. 7 WITH STEEL CROSSHEAD GUIDES

Cylinder
1 2 3 4
Crosshead
Clearance (um)| 40 51 45 43
PL Seal Rulon |Rulon
Material HABIA}HABIA J J

PISTON RINGS

Piston ring testing during the second
half of 1984 was concentrated mainly on
the Mod I motoring rig. The major effort
was devoted to evaluating a single-solid
piston ring design shown in Figure 3-38.
The solid uncut piston ring made from Ru-
lon LD is mounted in the groove on a sin-
gle quad ring which applies an outward
radial load to the piston ring and seals
the potential leak path behind the piston
ring. The piston/quad-ring system was
designed to fit into grooves with the
same dimensions as the Mod I split-solid
piston ring grooves. In the assembled
condition the nominal quad-ring squeeze
was 11Z. At all speeds and pressures
greater than 3 MPa the motoring power
with the single~solid ring was signif-
icantly less than the baseline (split-
solid rings) as shown in Figure 3-39.
The maximum difference in recorded mean
cycle pressures was 0.33 MPa, although

for the majority of cases, it was less
than 0.2 MPa as shown in Figure 3-40.
Overall, the differences in cycle mean

pressures with the single-solid ring were
less than with the baseline split-solid
piston rings (see Figure 3-41). After
the initial performance measurements the
rig was motored at 2000 rpm/9 MPa for 50
hr and the measurements were repeated.
There was no significant change in per-
formance over this period. To investi-
gate consistency of performance, the
first set of single rings were removed
and a second set of rings of the same de-



sign was installed. These rings re-
produced the performance of the first set
over a period of 32 hr of motoring at
2000 rpm/9 MPa. At this point a third
set of rings of the same design was in-
stalled. Initially these also reproduced
the performance of the orignial set of
rings. The rig was motored for a total
of 250 hr mainly at 2000 rpm/9 MPa with
periodic performance checks. During this
period there was a slight increase in mo~-

toring power as shown in Figure 3-42;
however, the cycle~to~cycle pressure
differences remained low throughout.

When the rig was disassembled, oil was
found in two cycles and this had reached
the piston rings. The wrist pin in one
crosshead had been displaced and the end
of the pin had been rubbing against the
crosshead guide which could account for
the increased motoring paower.

The test data indicated that the single-
solid piston rings gave a consistent re-
duction in motoring power which was
maintained in the short term. The next
phase of testing was aimed at determining
the durability of the single-solid piston
rings.

The plan was to first carry out a 500 hr
baseline motoring test with the BOM
split-solid piston rings measuring per-
formance at intervals during the test.
For the majority of the time the rig
would be motored at 2000 rpm/13 MPa. The
test would then be repeated with single-
solid piston rings. Prior to these
tests, due to life limitations, it was
necessary to completely rebuild the rig,
replacing the existing rolling bearing
crankshaft system (lightweight reduced
friction drive) with conventional jour-
nal bearing crankshafts. At the same
time, the Data Acquisition System (DAS)
was upgraded by adding four pressure
transducers, one in each of the dummy
heads and a shaft encoder connected to
one of the crankshafts. The outputs from
these were 1input to a microcomputer
through appropriate interfaces. With
this facility the pressures in the indi-
vidual cycles and their phase relation-
ships relative to the <crankshaft
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reference could be accurately measured
and recorded. From this information it
would be possible to determine whether
changes in motoring power were due to
friction only or due to changes in leak-
age which would effect the cycle
pressures.

After rebuilding the rig with split-solid
piston rings, a new baseline was estab-
lished as shown in Figure 3-43. Follow-
ing the baseline test a 500 hr endurance
test was initiated. During this period
the rig was motored mainly at 2000 rpm/13
MPa with abbreviated performance checks
at regular intervals. 150 hr into the
test a crack developed in the crankcase;
the rig was rebuilt with a new crankcase,
although all the other hardware including
the piston rings were retained. A check
carried out immediately after indication
of the rebuild had no effect on the mo-
toring power. Figure 3-44 compares the
motoring power at the end of the 500 hr
test with the initial data. For all con-
ditions there was a significant increase
in motoring power during the test and in
the worst case this was more than 1 kW.
The differences in mean cycle pressures
are shown in Figure 3-45. During the
first 100 hr there was a significant de-
crease in the pressure differences; how-
ever, the differences increased again
just prior to the discovery of the crank-
case crack. After the rebuild the pres-
sure differences were lower and remained
at approximately the same levels up to
450 hr when there appeared to be a trend
for increasing pressure difference.
There is no obvious reason why a crack in
the crankcase should effect the cycle-
to-cycle pressure differences. During
the test, wear of the split rings was
minimal, 2-4% by weight. Wear of the
solid rings was greater, 8-137% by weight.
A similar 500 hr endurance motoring test
of single-solid piston rings has just
started.

The single-solid piston ring is also be-
ing evaluated in Mod I engine No. 5. To
provide back-to-back data a new set of

BOM piston rings was installed, run-in,
and a complete performance map was gener-




ated. The single-solid piston rings were
then installed. Except for the necessary
change in piston bases, all other hard-
ware was the same as for the previous
test. After running in the single-piston
rings a new performance map was gener-

ated. The power developed with the BOM
piston rings and single-solid piston
rings are compared in Figure 3-46. At

the higher speeds and pressures the en-
gine developed more power with the
single-solid rings. At lower speeds and
pressure the differences are in the same
order as the measurment errors, although
there is no indication that the single-
solid rings degraded the performance un-
der these conditions. Following the
baseiine test the singie-soiid rings were
left in the engine while other develop-
ment testing took place. The rings have
now completed a total of 90 hr of opera-
tion with consistent performance.

Engine Drive System Development

The primary activities taking place under
this task are the durability test rig and
the manufacture of a ductile cast-iron
engine V-block. The durability test rig
is a preliminary version of the Mod II
Cold Engine and Drive System (CEDS). It
features most of the designs planned for
the Mod II actual engine. The cast
V-block is important becauge of its com-
plexity; considerable effort will be re-
quired to manufacture a block which will
meet the engine requirements.

Procurement of hardware for the durabili-
ty test rig was started in April 1984.
The original plan was to have the test
rig up and running by September 1984,
However, hardware design was not com-
pleted until October 1984. Due to prob-
lems with the V-block casting and
crankshaft material quality, rig opera-
tion will be delayed until March 1985.
The original intent of this test rig was
to evaluate the design ideas prior to ac-
tual Mod II engine design in early 1985.
This now is not possible, however, it is
believed that rig operation is still im-
portant, to reveal problems prior to ac-
tual engine test. It is hoped they can

be corrected prior to actual engine oper-
ation, which is scheduled for early 1986.

The manufacture of the ductile iron
V-block was started in March 1984, after
completion of tooling and the first pour.
Despite the use of 'chills" and core
coatings, porosity in the center portion
of the block could not be removed (see
Figure 3-47). In order to furnish a
block for the durability rig, an early
pour was accepted with the understanding
that it might be porous. This was done
to gain machining experience on the
block. Meanwhile, development of the
casting to remove porosity was continued.
The problem was not eliminated and activ-
ity to find an alternate supplier with
more resources available to work on the
problem was in progress. Deere has of-
fered to review the existing tooling and,
if acceptable, will try to pour a good
casting.

If the present vendor is unsuccessful,
this offer will be accepted and a new
effort will begin early in 1985, on the
preliminary block initially, to be fol-
lowed by the final Mod II engine block.

The third drawback in the rig schedule
has been the crankshaft (see Figure 3-48)
material properties. Consultations with
Mercury Marine originally helped define a
specification for the crankshaft which
doubles as the inner race for the roll-
ing—element main and connecting rod bear-
ings. The material was ordered and used,
but left the final parts with several
surface inclusions. It was surmised that
these wunacceptably large inclusions oc-
curred because the intermediate forging
process normally employed by Mercury Ma-
rine (which breaks up and reduces inclu-
sions) was not used for these shafts.
However, the crankshafts will be used in
the rig to determine life characteristics
of the rolling element bearings and other
design features related to the Mod II.

Controls System/Auxiliaries Development

The major goals of this task include the
development of the engine control and



auxiliaries sytems. Specific control
systems goals include the development of
a highly flexible DAFC with a low combus-
tion-air pressure drop and low minimum
fuel flow, and development of a simpli-
fied mean pressure control that does not
require a servo-oil actuator. A specific
goal for the auxiliaries task includes
the development of a high-efficiency com-
bustion air blower. The hardware designs
for both tasks must be compatible with
the extremes of an automotive operating
environment.

Development during the second half of
1984 focused on integrating the DAFC into
the engine system, improving the A
schedule, decreasing head temperature
excursions during transients with soft-
ware improvements and working-gas tem—
perature measurements, and improving
idle performance.

PCV improvements were also addressed by
decreasing the dead band and beginning
the development of an electrically actu-
ated PCV.

Auxiliary improvements are expected to
contribute heavily to additional fuel
economy. Therefore, a new blower config-
uration is being implemented, since the
blower is a major energy absorber.

COMBUSTION CONTROL

The DAFC was configured into a reliable
control in the test cell for Upgraded Mod
I engine No. 8. 175 running hours (var-
ied) were completed from the end of
August through the beginning of October.
Also, the DAFC was installed on USAB's
EHS test engine No. 3 by MTI and USAB
personnel, and in the Spirit by MTI per-
sonnel. Twelve sets of DAFC electronic
hardware have been built and tested and
the software and hardware have been modi-
fied so that the HITACHI airflow meter
can be used with the DAFC. A check of the
A curve by emissions was accomplished in
August with Upgraded Mod I engine No. 8.
With a correct calibration of the pump/
nozzle, and the values plugged into the
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DAFC fuel map, the A by emissions came
within 5% of A set. The DAFC operated
adequately with the BOM and improved pro-
totype conical nozzles in the test cell.

The DAFC A control and an anticipatory
algorithm have been evaluated and found
to be repeatable. Tests indicated up to
a 94Z reduction in CO with the anticipa-
tory algorithm (see Figures 3-49 and
3-50).

Intermittent fuel flow of 0.21 g/s aver-
age consumption (on for 24 sec at 0.6
g/s, off for 44 sec) was attained. Oper-
ating conditions were 400 rpm, 3.0 MPa,
810°C, and 1.3 kW (1.74 hp) out. The
same conditions can be supported by con-
tinuous flow with no loss in fuel econo-
my. During subsequent testing, operating
conditions were moved down to 400 rpm,
2.4 MPa, 813°C, and 0.9 kW (1.2 hp) out,
thus providing a continuous fuel consump-
tion of 0.18 g/s. In addition, the DAFC,
nozzle, and combustor operated reliably.

A counter circuit for the DAFC micropump
motor was designed, fabricated, 1in-
stalled, and checked out in the Spirit.
The counter will allow for use of a to-
talizer to keep track of the total amount
of fuel used during different test runs
on a chassis dynamometer or over-the-
road.

Transient tests on working-gas temper-
ature response were conducted on engine
No. 5. The tests showed that the work-
ing-gas T/Cs indicated the temperature
droop 30-40% faster than the rear tube
T/Cs (Figure 3-51). The proportional
control for the speed variator has been
successfully tested on the engine in the
test cell and in the Spirit using a flap-
per-type, single-stage servo valve. For
good blower speed control, whether by
"bang-bang" control or proportional con-
trol, the excessive amount of "stiction"
in the speed variator must be reduced
significantly, and a servo-oil pump must
be selected that will supply sufficient
0oil at idle for the proportional servo
valve to operate properly.




MEAN PRESSURE CONTROL

A design modification of the existing Up-
graded Mod I PCV was initiated during Au-
gust to reduce the deadband (neutral
zone) of the valve. The current valve
exhibits a typical deadband on the order
of 30-35% of the total valve travel. A
simple change in the design (requiring
changes in two pieces) reduced the dead-
band by two-thirds. The total travel of
the valve was also reduced by the same
amount, thus maintaining the mechanical
gain of the valve (expressed in flow area
opened per unit of travel). The modified
valve works exactly as designed and is
leak tight.

During September, tests were conducted
for check-out of the new control algo-
rithms for low-speed and low-pressure
idling, pump-down tests, and down-tran-
sient tests. The new control algorithm
worked as expected, providing the capa-
bility for stable idle operation down to
400 rpm and 30-bar Ppeapn (2.4-MPa mean
pressure). The steady-state idle fuel
flow at this point is 0.18-0.20 g/s, with
820°C tube temperature.

Pump-down tests revealed that the Mod I
hydrogen compressor is capable of pumping
the engine down to this pressure at 400
rpm, with 200-bar tank pressure} however,
the pumping time is lengthy. Down-power
transient testing revealed that short-
circuiting control of the engine as
plumbed in the cell is inadequate above
2000 rpm.

Reduced idle speed and pressure testing
was also done in the Spirit. Both
steady-state and over-the-road testing
were done. An idle speed of 500 rpm and
pressures of 30 to 40 bar (Ppean) was
tested. Idle stability was good and
driveability was fair to good. The data
from Spirit engine No. 8 steady-state
idle testing were reduced, as shown in
Figures 3-52 through 3-54,

In October, the Spirit was driven for the
first time with a four-speed manual
transmission. Response of the controls
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was unsatisfactory, with no changes to
the existing logic, hardware, or set-
points. Performance and driveability of

the vehicle with engine speeds less than
2500 rpm are, however, now acceptable,
although some improvements in stability
at low engine loads is still needed. At
engine speeds greater than 3000 rpm, the
mean pressure control 1is unable to com-
pletely control the erigine, and excessive
engine speeds occur during high-power
gearshifts., The problem appears to be
due to inadequate short-circuiting flow.
The reduced deadband, PCV and larger di-
ameter hydrogen plumbing were installed,
with significant improvements in cont-
rollability and over-speeding.

As a result of the Mod II Technology
Assesgment, the electrically actuated
PCV (improved Upgraded Mod I valve) was
selected. An electrically actuated PCV,
similar to the USAB rack and pinion de-
sign (2-18340) was ordered, and the nec-
essary drive electronics were designed,
built, and tested. Testing of the elec-
trically actuated PCV was started and
shows promising results.

DEC

Development proceeded for improvements
and modifications of the DEC. Final com-
ponents were selected for the cold junc-
tion thermistor circuitry. Modifica-
tions to the bench system were completed
to interface with LVDT and control cir-
cuits used with the electric PCV, and mo-
difications to the cold junction RTD, oil
temperature RTD and the +10 VDC reference
circuits were detailed.

A DEC was installed in the USAB's EHS
test cell on engine No. 3 and was run
successfully with that engine.

Software modifications for engine No. 3

at USAB which include two additional
engine shutdown guards (water and oil
over-temperature) were completed and
shipped.

All cabling from the DEC to the engine
for Deere was completed in August, and



the DEC and all transducers were operat-—
ing normally.

MOD II ELECTRONICS DEVELOPMENT

An improved igniter power converter cir-
cuit has been designed, tested, and in-
stalled in the Spirit, combustion test
cell and engine test cell. All igniter
circuits are currently functioning prop-
erly. All components for the printed-
circuit-board version of this igniter
circuit are on order and on schedule.

Alternate-source pressure transducers
have been received from Data Instruments
and are currently under test. These
pressure transducers are less costly,
more readily available, and require no
re—adjustments of electronics when re-
placed, as do the current Bell and Howell
transducers.

A Mod II DEC block diagram has been pro-
duced and distributed. This diagram is a
top level diagram defining the Mod II
control system configuration.

MOD II CONTROL SYSTEM ANALYSIS

Documentation of the DEC logic continued
with the completion of two more control
modules, thus bringing the total of com—
pleted numbers to 13 out of 26. This
more than completes half of the task
since the remaining modules are the smal-
ler and less complex modules.

An upgrade to the PCV module is underway.
This upgrade provides additional flexi-
bility in the tuning of the power-control
system to the manual transmission.

COMBUSTION AIR BLOWER

The lobe blower was determined not to be
sufficiently developed for the first
build of the Mod II engine. However,
work will continue to complete mapping of
the best set of hardware of the prototype
design with a reduced noise housing (mod-
ified porting), since noise is still a
problem with the blower. A frequency
analysis of the noise showed that the

frequency distribution is independent of
speed, and the sound level is a function
of speed and stroke (i.e., airflow rate).

A modified housing has been completed and
a blower will be rebuilt with this modi-
fied housing, lower piston seal preload-
ing, and improved cage—-to-housing
sealing, and will be remapped to 3000 rpm
at full eight-part stroke.

During the Technology Assessment it was
decided that the prime Mod II blower will
be an electrically-driven centrifugal
blower combined with a Mod I impeller for
an EGR combustor, and a redesigned impel-
ler (if necessary) for a CGR combustor
(which is the prime choice). The backup
system will be a direct-drive centrifugal
unit to be designed at USAB.

Projected performance characteristics/
requirements for the Mod II blower AP
versus airflow and power requirements
have been defined. Blower and auxiliary
load requirements data were defined for
the Mod II alternator and electric blower
designs. Requirements for a 3:1 speed
increaser were established. Analysis of
vehicle CVS cycle performance at GM Re-
search Laboratory showed that the ratio
of blower speed to engine speed varied
from 7:1 to 10:1. Minimum electric drive
requirements for the blower were set.
Aeroflex Laboratories Incorporated has
been contacted concerning the possible
use of their brushless permanent magnet
DC motor for the Mod II Dblower
requirements.

After review of the pros and cons of a 12
versus 24 V electrical system it was de-
cided that a 12 V system will be used and
the alternator will supply 12 VDC for the
vehicle and control systems, as well as a
higher voltage for the blower motor.

The Mod II, 32,000 rpm alternator design
entered the drafting stage. A traction
drive planetary ball speed increaser
design was evaluated. For prototype
evaluation purposes a production trac-

‘tion drive planetary ball speed increaser
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was ordered from Paxton Products

Incorporated.

Alternator drawings were completed and
are being reviewed. Rotor material and
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bearings were received and stator lami-
nations stamped. The maximum output
voltage of the alternator has been set at
60 VDC to provide an estimated 82%
efficiency.
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TABLE 3-1
RESULTS OF CONICAL NOZZLE SOOT INVESTIGATION
Rig Test
Date No. Combustor Nozzle Comment
10/03/84 58-89 Mod 1 P-40 (BOM . Soot levels similar to engine - Bacharach = 0-1
10/04/84 90-105 | Mod I P-40 | Prototype conical -30° cone Soot tevel higher than BOM in mid-fuel range:
(conical #1) 1.5-2.5 g/s, however, in general, acceptable.
Good at high fuel flows. 2.0 g/s at A = 1.2
only high level. Other emissions good.
10/04/84] 106-114| Mod I P-40 | Improved atomizing airflow dis- Similar trend in socot levels, Peak at 2-2.5 g/s,
tribution. New seal, otherwise, even at high A. CO and other emissions good.
as above (conical #2)
10/05/84] 115-139§ Mod | BOM Canical #1 Soot level higher than with P~40, however, no
extremely high levels. At high fuel flows soot
increases with decrease A and low fuel flow
without EGR, as expected.
10/08/84} 140/155} Mod 1 80OM BOM Similar trend in soot level as engine data.
Generally lower than conical for given A,
10/08/84] 156-170} Mod I BOM Replaced damaged atomizing air Soot levels similar to conical #1. As were
swir! steeve and fuel spin. other emissions.
35° cone prototype body (more
stable spray (caonical #3)

10/08/84 171-135| Mod 1 BOM Conical #4 - replaced atomizing Soot level, again same as before, except for
air swirl sleeve with sleeve unexplainable high level {(Bacharach = &) at
having 10 straight slots, 2 g/s, A = 1.3.
otherwise, same as #3

10/09/84| 186-199| MTI Conical #4 Soot levels initially better than Mod I
combustor, however, then increased with time.
Nozzle/combustor overheated. Front tube row
much hotter than before.

9/10/84] 200-203| MTI Conical #3 Same trend as with conical #4. Combustor
found to be severely damaged - overheated
and distorted.
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TABLE 3-3

PERFORMANCE RIG TEST SUMMARY OF 42-TUBE AND RIBBON CGR COMBUSTOR

CONFIGURATIONS
[Config. Combustor Fuel
No. Designation Modification Nozzile
1 42-Tube None (Figure 3-22a) Conical High soot, low recirculation
2 42-Tube Internal turbulator and
mixing holes removed (Fig. 3-22b) Conical $0-60% recirculation - high saot,
decreasing with increased airflow
3 42~-Tube 21 vanes added at 30° swirl angle. Conical Good performance at 2.0 g/s fuel and above.
Diameter reduced to 89 mm Excellent rear~row AT
(Fig. 3-22¢c)
4 42-Tube External turbulator, otherwise same| Conical Flame confined to external turbulator
as Configuration #3 (Fig. 3-22d). region causing overheating of combustor
c in CGR vane region, high soot and AT.
5 42-Tube Same as #3 BOM Some scot, high ATs - combustor flameshield
distored,
6 42-Tube Same as #3 Conical~| Results not as good as in #3. Again,
inserted| combustor found distorted - major cause
0.024" of problems,
further
7 Ribbon No internal turbulator external Conicatl Sooty, however, improved with airflow.
turbutator with 45° swirl 192 mm
exit diameater (Fia. 23-22e).
8 Ribbon Same as #7, however, leak around Contcal Similar to #7. AP was lower. Large
ejectors repaired. !eakage found around external turbulator.
&

-,

/

L internat Turbutator
and Mixing Holes

—

Figure 3-22a Initial Configuration of
42-Tube CGR Combustor

Figure 3-22b Ribbon CGR Combustor with Internal
Turbulator and Mixing Holes Removed

21 Vanes st 30" Swir
Aaxit ~ 100 in.'

Flame
Shield

Figure 3-22c 42-Tube CGR Combustor with
Swirl Vanes Added at 30° Angle

59 4(023 in)
% 10 81 30° Swirt

89 mm ¢
Q5in)

N\—21 Vanes at 30° Swir
Asmit ~ 100 in.'

Figure 3-22d 42-Tube CGR Caombustor with
Swirl Vane and External Turbulator Added

L

Radial Mixing
Channels

Figure 3-22e Ribbon Combustor with External
Turbulator, 45° Swirl Angle
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Upgraded Mod | Heater Heads

NOMINAL CHEMISTRY OF HEATER HEAD CASTING ALLOYS AND HEATER TUBE MATERIALS

Heater Head Casting Allagys
[ Si Mn N1 Cr Mo | W Co Cb B | N Fe
| |
HS-31 0.05 {0.05 |0.05 {10.5 |25.5 - 1 7.5 |s4.0 - - - 1.00
CRM-6D 1.05 1]0.55 {4.75% 5.0 {21.0 1.0 } 1.0 - 1.0 10.00 - 64.5
SAF-11 0.06 |0.07 { 0.07 |16.0 |{24.0 - [13.0 | - - 0.04 I - 44.5
XF-818 0.02 /{0.03 10.15 |18.0 {18.0 17.5 . - | = 0.4 ' 0.00 '0.12 i54.0 |
Heater Tube Materials
Co Cr Ni Mo W | C Al T3 B Cb Mn Fe | Si N
T
CG-27 - |13.00} 38| 5.75 - ;0.05 1.6 2.5 [0.010 0.7 - 38.00! -
Inconel 625 - |121.50| 61 9.00 - |0.05 0.2)0.2 - - 0.28 2.50} 0.2} -
Sanicro 32 - {21.00 | 31 - 3.0{0.09! 0.4! 0.4 - - 0.80 142.80) 0.6 | -
Sanicro 31H - |121.00} 31 - - '0.07 0.3 0.3 - - (0.60 ;46.13| 0.6 -
12RN72 - 119.00) 251 1.40 - '0.10! 0.5/ 0.5 i0.006 - 1.80 1 51.801 0.4 -
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Cycles to Fallure

Figure 3-30b Comparison of Fatigue Strength
at Room Temperature, 800°C, at R-~5,

for Alloy XF-818
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IV. INDUSTRY TEST AND EVALUATION PROGRAM

The major objectives of the ITEP are to:

* Enhance the ultimate success of the
ASE Program through testing of the
Upgraded Mod I engines by automo-
tive- and engine-manufacturing com-
panies outside the program.

* Provide an independent evaluation
of the technology level of the ASE
Program, expand the transfer of
Stirling engine technology beyond
the ASE Program, and provide an
opportunity for automotive/engine-
manufacturing inputs for improving
the design and manufacturability of
Stirling engines.

* Provide a larger engine test base
to assess engine performance and
durability.

The ITEP was completed on schedule during
July-December, with the successful com-
pletion of Upgraded Mod I engine No. 9's
test program at John Deere's Product
Engineering Center in Waterloo, Iowa.

Engine No. 9 was delivered to John
Deere's facility at the end of August and
installed in their test cell in early
September. John Deere's Test and Evalu-
ation Program was completed in October.

The engine was subjected to the same test
program that any other competitive engine
would undergo, and completed the entire
evaluation without any major problems.

The test and evaluation program included
noise measurements, operation on gaso-
line, JP-4, and diesel fuels. Addi-
tionally, the engine was operated at
heater head temperatures of 720°, 770°,
and 820°C.

John Deere is currently preparing a test
report which will summarize their engine
evaluation.

As discussed in the previous Semiannual,
the Spirit vehicle with Upgraded Mod I
engine No. 8 installed, completed the
test and evaluation program at GM Re-
search Laboratories.

Upon return to MTI, engine No. 8 was re-
moved from the Spirit and installed in
the engine test cell to determine the
engine's power and efficiency. Test cell
results 1indicated the health of the
engine to be as good as that during its
acceptance tests prior to GM tests.

The engine was then completely disassem-
bled for a detailed part inspection by
engineering personnel. Personnel from GM
also participated in this inspection. In
general, the condition of the engine was
very good. The major problem found was
that oil had migrated into all four
cycles. All parts were cleaned and the
engine was reassembled with new piston
rings, PL seals, new design steel cross-
head guides, and a high temperature
(820°C) heater head. The engine was then
utilized for various component develop-
ment activities which are wultimately
scheduled for incorporation in the Mod II
design, such as DAFC, proportional blower
speed control, low idle speed and pres-
sure operation, and DEC modifications to

‘accomodate a manual transmission instead

of the automatic.

Engine No. 8 was then reinstalled in the
Spirit vehicle coupled with a four-speed
manual transmission. Efforts have since
been concentrated on transient testing of
the component development items that were
tested earlier in the test cell,

At the end of this reporting period the
Spirit was being readied for a series of



CVS tests in January 1985 to be conducted
at Mercedes Benz., These tests will char-
acterize the development items mentioned

earlier. Additionally, the optimum rear
axle will be selected and the shift sche-
dule will be optimized.




V. MOD | ENGINE DEVELOPMENT

@
Mod | Hardware Development case/bedplate design incorporated in
them. To date, over 2500 hr have been
® Several items were examined as key areas accumulated with no cracks occurring.
for development of the Mod I engines. Monitoring of this area will continue.
However, these items were kept to a mini-
mum so that priorities could be devoted HEATER TUBE FAILURES
to development of Mod II related items.
Items in the Mod I category are as During July-December only one heater-
® follows: head tube failure occurred. This failure
occurred on Upgraded Mod I engine No. 5
* High-temperature head manufacture and was the the result of a mistake in
* Crankcase/bedplate cracking engine control thermocouple analysis.
* Heater tube failures The control of engine temperature levels
®* Cylinder-liner top O-ring overheating was removed from the rear tube row and
¢ * Hydrogen compressor connecting rod placed on the working-gas thermocouples
small-end bearing wear. found in the manifold of the cylinder and
regenerator manifolds. This was ori-
The following sections present the de- ginally done while the engine was running
tails of the Mod I development items. and this time was mistakenly done while
the engine was shutdown. Upon restart,
® MOD I HEATER HEAD MANUFACTURE - gas does not initially circulate until
FIN CORROSION the starter engages. This engagement 1is
to occur when tube temperature hits a
The problem of heater head fin corrosion certain level. Since the control was now
was discussed in the previous Semiannual. on working gas (which never saw the
The development of the slurry-dip process temperature heat-up effects because of no
® for brazing heater heads continued in circulation) the tubes were overheated
late 1984. During this time, a brazing and failed upon pressure increase of a
procedure was established for the "high manual engagement of the starter.
temperature Mod I" heater heads. (The
process was developed by USAB as part of Several braze joint leaks have occurred.
a non-ASE Program and is considered pro- These are manufacturing related problems
® prietary to USAB.) The "high temperature with the CG-27 tubes. The titanium and
heater heads" are currently on all aluminum content of the CG-27 alloy
Upgraded Mod I engines. They are also adversely effects the brazing
being evaluated on the vehicle and the characteristics.
endurance engines.
CYLINDER LINER TOP O-RING DETERIORATION
® CRANKCASE/BEDPLATE CRACKING
The higher operating temperature of the
As of the end of 1984, several engine Upgraded Mod I over the Mod I (820° ver-
hours had been accumulated on the rein-. sus 720°C) has resulted in aggravation of
forced crankcase/bedplate design. This a previously infrequent deterioration of
particular design was developed to pre- the cylinder-liner top O-ring. The dete-
4 vent cracking of the crankcase at weak rioration of this O-ring eventually leads
areas of the aluminum casting. All of to the escape of gas into the water jack-
the current program engines (excluding et. Operation of the engine at the
engine No. 5) have the reinforced crank- higher temperature has led to the crack-
®



ing/aging of the O-ring very quickly. To
help keep the O-ring area slightly cool-
er, the O-ring immediately below the men-
tioned failing ring was removed. The
purpose of the lower ring was only to
keep water away from the gas sealing area
of the top O-ring in an effort to prevent
corrosion. It is hoped the change will
provide a cooler O-ring and give it more
life. Engine No. 6 has incorporated this
and is presently running 820°C endurance
(see Figure 5-1).

Cylinder Housing

Dome

Mod | Cyiinder Liner
Top O-Ring

Lower Cylinder Liner

Water Seal O-Ring
, L/ Cylinder Liner

=

Piston Base

Figure 5-1 Mod | Cylinder Configuration

WRIST PIN BEARING, H2 COMPRESSOR -
CONNECTING ROD

Problems in the hydrogen compressor con-
necting rod small end have been related
to wear of the bearings. This wear 1is
attributed to the fact that as the com-
pressor rotates unloaded (nonpumping)
there is a constant downward load on the
bearings (no load reversal). This con-
stant unidirectional load has resulted in
wear on the bearings in anywhere from 200
to 600 hr. To date, larger load bearing
surfaces and forced lubrication have not
eliminated the problem. We are continu-
ing to examine potential solutions.

. 5=2

Mod | Engine Test Program

At the end of 1984 a total of seven Mod I
engines were operational with the ASE
program. Two of these engines were the
original Mod I and were located at USAB
in Sweden. The remaining engines were
Upgraded Mod I engines of which three
were located at MTI and two at USAB. The
specific purpose of each of the engines
is listed in Table 5-1.

TABLE 5-1
ENGINE DEVELOPMENT TEST ASSIGNMENTS

Mod I Engine No. 3
Mod [ Engine No. 7

(USAB) - EHS Development
(USAB) - Seals/Ring Develapment

Upgraded Mod I Engine No. 5 (MTI) - General Development
Upgraded Mod I Engine No. 6 {(USAB) - General Development
Upgraded Mod I Engine No. 8 (MTI) - Transient Vehicle Performance
Upgraded Mod I Engine No. 9 (MTI) - Performance, NASA Testing
1

Upgraded Mod I Engine No. 10 (USAB) - Performance, NASA Testing

MOD I ENGINE NO. 3

Mod I engine No. 3 accumulated a total of
180 hr during the last half of 1984,
bringing its total engine hours to 1816.
During July-December it continued on its
primary assignment of EHS development.
As part of this program the main efforts
were in reducing soot levels and the de-
velopment of both EGR and CGR combustors.
The selection of the Mod II combustor de-
sign, EGR or CGR, will be made in early
1985.

The specific areas evaluated included:
combustor swirlers, fuel nozzle spray
angles, atomizing air pressure, the con-
ical fuel nozzle, and various CGR combu-
stors. Testing on this engine will
continue until mid-1985 when it will be
retired. Activity until this time will
be on the chosen basic Mod II combustor
design.

UPGRADED MOD I ENGINE NO. 5

Upgraded Mod I engine No. 5 is located at
MTI and is used for general development
work., During the last half of 1984 the
engine accumulated 199 hr, bringing its
total operating time to 883 hr. Testing
on the engine was limited by available
test cell time. Engines No. 8 and 9 were
tested during July-December in the MTI
test cell.




Testing during July-December involved
several areas including the following
items:

* Extended-neck heater heads
* Kalrez O-rings

* Single-solid piston rings
®* Hot shutdowns.

Brief descriptions of the results of each
test follow. The extended-neck cylinder
housing heater heads were a further
attempt to improve flow into the cylinder
housing from the cylinder manifold. The
original Upgraded Mod I cylinder housing
created a poor distribution of flow into
the housing proper, causing O-rings at
the lower portion of the housing to over-
heat in a circumferentially preferential
manner. This was corrected by welding in
flow diverters in the cylinder housing
neck areas, or by using Mod I-design cyl-
inder housings. It was determined that
the use of a straighter inlet neck would
further improve this distribution.
use of this extended or straight neck re-
duced the circumferential gradient in the
O-ring area from 180° to 102°C. The max-
imum temperature measured was also re-
duced by 34°C, from 686° to 652°C.
Further testing will be done on these
cylinder housings to thoroughly evaluate
the design.

Kalrez O-rings were evaluated for a short
time at the top cylinder liner O-ring po-
sition. These O-rings were run for v10
hr. While no leakage was observed, the
O-rings did appear to have taken a perma-
nent set in the shape of the O-ring
groove, and several <circumferential
cracks were found. The O-rings were not
reinstalled and no further testing is
planned.

A series of hot starts were performed on
the engine in the test cell. Instead of
allowing the engine to coast down normal-
ly, the engine was deliberately stalled,
and cooling water flow was reduced to the
level provided by a vehicle after-cooling
pump. The test was completed 10 times
and no leakage was observed into the wa-
ter Jjacket. It was concluded that the

The -
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deterioration of the wupper cylinder-
liner O-ring 1is time-dependent and not
the result of melting. In any event, the
hot shutdown appears to be acceptable for
use in the vehicle.

Evaluations were also made of the compo-
nent development area's single-solid
piston rings. Engine starts with the new
ring design were found to be identical to
those with the BOM split-solid rings. A
gain of 1.8 kW at maximum power was meas-—
ured while a slight power loss was noted
at lower speeds. The pressure balance
from cycle-to-cycle was acceptable and
the rings were kept 1in the engine for
further reliability testing. At the end
of the year, 78 hr had been accumulated
on the rings and testing was continuing.

During July-December several short dura-
tion tests were performed to characterize
electronic control functions and various
combustor/fuel nozzle modifications.
Upcoming in early 1985 a special heater
head configured with the Mod II tube/fin
arrangement will be evaluated. Testing
on this design will include the measure-
ment of front-row tube temperatures on
both the special and BOM heater heads.

MOD I ENGINE NO. 7

Mod I engine No., 7 at USAB was devoted to
seals development during July-December.
The engine accumulated 960 additional
hours bringing its total hours to 2339.
The main seal test, started in early
1984, was terminated at 2158 hr on two
main seals. The remaining two cylinders
had hours of 980 and 568. The reason for
termination of testing was a failure of
the dynamometer cooling loop which caused
a secondary failure of the engine regen-
erators due to overspeed. The regenera-
tor failure distributed debris through-
out the engine and damaged the seals.

Testing was not resumed on this unit dur-
ing the remainder of the reporting
period. When resumed, emphasis will be
on testing piston rings.



UPGRADED MOD I ENGINE NO. 8

Engine No. 8 accumulated 287 hr of tran-
sient vehicular hours during the last
half of 1984, bringing total engine hours
to 684.

The car was tested early in 1984 at GCM
and the results of the testing were re-
ported by GM at the October 1984 CCM in
Detroit.

The analysis of the testing at GM pointed
out two possible areas to be worked on to
improve performance, namely; the CSP and
the idle fuel consumption. To address
these and other items related directly to
the Mod II engine's eventual performance,
a program of development was started.

The major developmental items included in
this program were:
* High temperature heater head
* Roller bearing drive
* Four-speed manual transmission
* Optimized rear axle ratio
* Hot shutdowns
* Low idle speed/low idle pressure
* Proportional blower speed control
* DAFC
* Revised fan schedule.

To start on this program the engine was
installed in the test cell and a number
of these items were checked out on a pre-
liminary basis. The roller bearing drive
was eliminated from consideration be-
cause of crankshaft material problems.
Following the test cell work, the engine
was reinstalled in the vehicle with the
manual transmission. At 820°C the maxi-
mum power output was 64 KW and the maxi-
mum efficiency was measured to be 38.3%.

Immediately upon completion of installa-
tion and at the start of testing the pro-
portional blower speed control was
eliminated because of insufficient hy-
draulic supply to the system.

The tendency of the engine to overspeed
up to 4750 rpm when the transmission was
shifted at or above 3000 rpm was noted,
as well as severe instability at idle.

Both of these problems were the result of
having a "free running" engine when the
engine is in neutral or the clutch is de-
pressed. Both of these problems are be-
ing addressed by a DEC programming
approach, and this effort is continuing.
A January 1985 retest at the Mercedes
Benz Emissions Laboratory is planned.

UPGRADED MOD I ENGINE NO. 9

Engine No. 9 became operational and accu-
mulated a total of 218 hr during the last
half of 1984. The engine was performance
tested in MTI's test cell and delivered
to John Deere as part of the ITEP pro-
gram, and was retested upon return.

The engine was evaluated with three dif-
ferent working fluids and three different
rear-tube temperatures. Working fluids
tested included hydrogen, helium, and ni-
trogen. The tube temperatures evaluated
were 720°, 770°, and 820°C. The results
of the testing are plotted in Figures 5-2
through 5-10. It should be remembered
when reviewing these data that the engine
was designed for hydrogen, not for helium
or nitrogen. It is apparent from the
data that the power and operating speed
range are adversely affected by use of
helium or nitrogen.
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Etficiency/Power versus Speed at 820°C Rear
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Figure 5-8 Upgraded Mod | Engine No. 9 -
Etficiency/Power versus Speed at 720°C Rear
Tube Temperature with Nitrogen Working Gas
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Following a demonstration for John Deere,
the engine was shipped to their facility
and evaluated in their test cell. The
results of the testing will be presented
in reports under the ITEP program written
by John Deere. Upon return to MTI the
engine was reinstalled in the test cell
and its performance measured as returned.
At this time, the engine was found to be
5 kW low in power at 3000 rpm. This is
the maximum speed evaluated by John Deere
due to test cell restrictions. The pis-
ton rings were replaced and the engine
was retested and found to be at accep-
tance-test levels. It 1is believed at
this time that initial facility problems
may have contributed to the performance

deterioration, as both engine overheat-
ing and high exhaust restrictions
occurred.

UPGRADED MOD I ENGINE NO. 10

Engine No. 10 is an upgraded version of

.Mod I engine No. 1. The engine was built
and tested at USAB prior to delivery to
NASA/Lewis Research Center. The engine
will be used for NASA testing programs,
has accumulated 81 hr, and is expected to
be shipped to NASA in January 1985. Fol-
lowing a check-out test at NASA, the en-
gine's hardware will be upgraded while an
assembly training class takes place.

Mod | Engine Performance Analysis
UPGRADED MOD I SPIRIT ANALYSIS

During this report period, analysis
efforts were concentrated on comparing
actual Spirit performance to predicted
levels and on estimating the best Spirit
performance that could be obtained with a
"best" Upgraded Mod I engine installed.

During tests of the Spirit vehicle at GM
under the ITEP program, driving-cycle
fuel economy tests and accelerations were
conducted on a chassis dynamometer with a
road load setting of 6.9 hp (5.2 kW) to
simulate a Chevrolet Chevette vehicle.
The MTI vehicle simulation code was exer-
cised to predict the fuel economy and ac-
celeration times compared to the actual

test data. Results of this comparison
are presented in Table 5-2. Excellent
agreement 1is shown between predictions
and actual data. The largest discrepancy
is in the 30~ to 50-mph acceleration time
(6.7 predicted versus 7.4 actual), proba-
bly due to the occurence of the 2nd to
3rd shift just at 50 mph. Any errors in
modeling of the shift dynamics could
cause this error (a 0.7 sec difference is
not considered to be significant). The
capability to accurately model vehicle
performance, as demonstrated in the
Spirit testing, provides a sound base for
performance predictions for other vehi-
cle/engine systems such as the Mod II.

TABLE 5-2
UPGRADED MOD | -~ SPIRIT
VEHICLE PERFORMANCE

AMC Spirit at Chevette Road Load -
6.9 hp (5.2 kW)

Actual Predicted
Urban (mpg) 22.1 22.5
Highway (mpg) 41.1 42.0
Combined (mpg) 28.0 28.4
0-60 mph (sec) 17.3 17.3
30-50 mph (sec) 1.4 6.7

An estimate was prepared for performance
that could be achieved if the '"best" pos-
sible Upgraded Mod I engine were to be
built and installed in the Spirit vehi-
cle. The following changes would be made
to the engine/vehicle system:

820°C operation

Rolling element drive

DAFC

Four-speed manual transmission
Modified hot shutdown technique
Reduced idle fuel flow.

The impact of these changes 1is shown
graphically on Figure 5-11, compared to
Spirit GM ITEP test results. As noted
thereon, the GM ITEP tests demonstrated a
fuel economy +'13Z lower than the 1984
fleet average at the tested 1inertia



weight. The impacts of the previous
changes are shown separately on Figure
5-11. For each of the changes, vehicle
performance (0-60 mph acceleration
times) was held constant by allowing the
vehicle weight to increase as engine pow-
er increased or as drivetrain improve-
ments allow potentially faster accel-
eration rates. The total effect of all
changes would result in a vehicle which
achieves a fuel economy v'307% better than
the 1984 fleet average at its particular
inertia weight.

& Upgraded Mod |, GM ITEP Tests

0O 4-Speed Manual Transmission

© Improved Engine (820°C + Rolling Element Drive)

¥ Modified Hot Shutdown Technique

O Reduced Idle Fuel Flow
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Figure 5-11 Vehicle Performance Potential,
“Best” Upgraded Maod | Engine

JOHN DEERE ENGINE DATA ANALYSIS

An Upgraded Mod I engine (engine No. 9)
was tested at the John Deere faciltiy to
assess its performance potential as a
generator set power source.

Data accumulated at John Deere indicated
degraded performance relative to the
final acceptance testing at MTI, so a re-
test was conducted after the engine was
returned to MTI. The retest confirmed
John Deere performance levels and indi-
cated a possible piston ring problem.
Replacement of the piston rings restored
performance to the final acceptance lev-
els. Problems encountered during testing
at the John Deere facility could have
contributed to the piston ring degrada-
tion. These 1included cooling system
problems which caused a hot engine shut-
down, and an unbalanced drive shaft which
caused excessive engine vibration.

The performance of the engine for the
various tests 1is shown in Figures 5-12
through 5-17. Power levels, efficiency,
and BSFC at final acceptance were the
best ever demonstrated for an Upgraded
Mod I engine. The degradation at John
Deere is apparent from Figures 5-12 and
5-13. As noted on Figures 5-14 and 5-15,
the John Deere performance was confirmed
upon retest at MTI. The heat balance
also supported the power and efficiency
levels, indicating higher heat rejection
to the cooling water for the poor per-
formance data. This can be symptomatic
of poor piston ring or regenerator per-
formance. The engine was disassembled
and 1inspected. The regenerators were
found to be in excellent condition, so
only the piston rings were replaced. A
repeat test conducted after ring replace-
ment did provide a return in performance
to final acceptance levels (Figures 5-16
and 5-17).
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MOD Il PRELIMINARY DESIGN

Introduction

The Mod II engine will be used to demon-
strate the overall accomplishment of the
ASE Program objectives in vehicle dyna-
mometer tests. The development will be
accomplished over a four-year period,
progressing through design and analysis,
formal design reviews, hardware procure-
ment, engine assembly, test and develop-
ment, followed by vehicle system
assembly, test and development. This
task is the focal point of all component
development/Mod I engine development ac-
tivities throughout the ASE Program.

MTI has the prime responsibility for all
phases of Mod II development. In this
capacity MTI will demonstrate that Stir-
ling-engine technology is fully trans-
ferred to the U.S. in accordance with the
goals of the program (i.e., MTI analytic
and design tools/procedures will be de-
veloped, applied, and verified). Fur-
ther, U.S. manufacturers and vendors will
be used for most components.

The Mod II engine/vehicle system will be
optimized within the constraints of ac-
cepted design practice and generic annu-
lar V-block geometry to achieve maximum
fuel economy over the EPA driving cycle,
and to provide acceptable vehicle re-
sponse characteristics. Optimum Mod II
engine geometry will be determined using
the MTI Harmonic Stirling Code. However,
final engine geometry will reflect the
necessary compromises between optimum
performance and practical engine design.

Performance predictions for this final
engine geometry, along with system compo-
nent performance characteristics, will
be used 1in conjunction with the MTI
Vehicle Simulation Code to evaluate
engine/vehicle system performance.
Vehicle drive-train characteristics will

be optimized within the constraints of
available drive-train components to
achieve maximum fuel economy and speci-
fied vehicle performance goals.

Detailed layouts of the Mod II engine
concept, as well as a preliminary parts'
list, will be prepared in order to define
a prime BOM configuration. Based on this
definition, performance estimates and
vehicle mileage projections will be pre-
pared. i1ons
have been satisfied, the mechanical sys-
tems will be analyzed to ensure that the
proposed configurations are sufficient
to accomplish the program goals.

After performance congideraticns

Engine/vehicle performance character-
istics will evolve as the design of the
Mod II engine/vehicle system progresses.
The impact of specific design changes
will be evaluated on a continuing basis
to ensure that program objectives are be-
ing achieved. Formal performance projec-
tions will be updated on a periodic basis
to reflect the current state of the de-
sign process.

Analysis

The objective of this activity is to de-
velop and refine the capability to pre-
dict engine performance and then to use
this capability to select an optimized
design for the Mod II and support the on-
going engine design activity.

During this report period, work was di-
rected toward making a preliminary defi-
nition of the Mod II engine, finalizing
the Mod IT vehicle definition, developing
computer models for all engine components
and loss mechanisms, and using these mod-
els to optimize the engine design. The
previously defined goals for the Mod II
engine were updated to reflect the re-
sults of recent design and development
work. A summary of these goals is pre-




sented 1in Table 6-1. Performance and
weight were identified for all subsystems
of the Mod II engine. For example, the
EHS (preheater, combustor, atomizing
air, and manifolding) was quantified in
weight for each part, amount of atomizing
air, pressure drop for the combustion gas
flow, and excess air ratio (A). In addi-
tion, full system goals were established;
these include: engine weight, power and
efficiency; vehicle fuel economy; and,
acceleration rates. These goals will be
used to monitor the design and develop-
ment of the Mod II engine as the program
progresses.

The Mod II vehicle definition was final-
ized. Earlier Mod II and reference en-
gine studies had been based on the
Pontiac Phoenix. In reviewing the cur-
rent automotive picture, it was noted
that the X-body cars, the Phoenix being
one, are planned to be phased out of pro-=
duction in the near future. It was felt
that the Mod II engine should be in-
stalled in a vehicle which would remain
in production for some time in the fu-
ture. It was noted that the GM A-body
series of vehicles, which includes the
Celebrity, were responsible for 207 of
GM sales, were planned to be in pro-
duction for several years, and were the
right size for the Mod II engine. The
Celebrity is also the best vehicle in its
class in terms of fuel economy (31 mpg
combined mileage relative to v'26 mpg for
fleet average of all cars of the same in-
ertia weight). For the Mod II installa-
tion, the desired transmission to best
match the characteristics of the Stirling
engine would be an automatically-
shifted, manual transmission with no tor-
que converter., Since this type of
transmission is currently not available
on the automotive market, a four-speed,
manual transmission will be used to dem-
onstrate the concept.
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TABLE 6-1
OVERALL MOD Il GOALS

Moo II Goal

Weight

Engine System (kg) 200.8
Venicle (Celebrity) Weight (1b) 3187
Engine System Specific Weight (I1b/hp/kg/kWw) §.5/3.35

Veaniclae Performance (Celebrity)
Acceleration (seconds)

0-60 mph 15.0
50-70 mpn 10.5
0-100 feet 4.5

Graceapility - Start and maintain S mph
on 30% grade

Fual Economy - Combined (mpg) 40.4
SES BSE

Enginae Performance
Maximum Power at 1S5 MPa 80 63.4

4000 rpm, kW (hp) (80.5) (85.1)
Maximum Efficiency (%) 42.2 43.2
Efficiency at S MPa, 2000 rpm (%) 37.3 40.1
Efficiency at 5 MPa, 1000 rpm (%) 33.9 361
Cold Start Penaity (g) 141 --
Emissions after 50,000 miles

NOx (g/mi) < .4

HC  (g/mi) < a1

CO (g/mi) <3.4

Particulates (g/mi) < .2
Start-up
Time to Drive Away (saeconas) 30
Packaging

Fit in a 1984 Chevrolet Celebrity

Manual four-speed transmission

No changes to front-suspension geometry Or axle pick-up points
Venicle compatability

- Maintain grgung cl!esarance

- No sheet metal changes

Weights

Mog 1I Goal 8/84 Audit

Controls and Auxiliaries a2 106.3

Controls Total 65.5
Mean Pressure Control 31.0
Combustion Air Control 22.7
Digitai Engine Control 11.8

Auxiltaries Tgtal 40.8
Auxiliary Drive and Tensioner

Starter

Alternator and Pulley

Battery, Case. and Cable

Brackets

watar Pump

Basic Stirling Engine System 118.8

w
w
[+

~

External Heat System 24.7
Flamestone ana Insulation

Preneater Assembly

Comoustor

Cover

Support/Transition Plate

Nozzle

Hot Engine System 24.2
Heater Head Assembly

Stuffer ang Partition wall

Regenerator

Flanges

Cold Engine and Oriva Systams 70.0
Block

Crankshaft and Gears

Bearings ang Caps

Connecting Rods (Including Crosshead)
Piston/Rod Assembly

Sea}l Housing Assembly

Qi1 Pump Assembly/Filter

H20 Inlet/Outlet Stubs/Sump

Cooler

- N

b
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In defining the Mod II configuration, key Engine tests of split-solid versus

components were analyzed, including the single-solid piston rings were conducted
EHS, piston rings, and loss mechanisms to assess the performance difference of
for all components. An analytical model the two systems. The power difference
of the EHS was built to compare the types between the systems, normalized to maxi-
of EHS that could be utilized in the Mod mum pressure levels is shown in Figure
II, namely; metallic versus ceramic pre- 6-2 and indicated lower power for the
heater, and EGR versus CGR combustor for single-solid ring at low engine speed and
emissions control. The code models the higher power at high engine speed. This
complete EHS, including conduction loss- relationship implies higher leakage and
es, pressure drop, and both rows of the lower friction with the solid ring.
heater tubes. A comparison of the EHS Since performance at low engine speeds is
performance for three of these systems 1is key to Mod II fuel economy, split-solid
shown in Figure 6-1. The CGR system piston rings are retained in the Mod II
shows better performance than EGR, and design.

the ceramic preheater is better than the

metallic. The ceramic preheater, howev- ser 0 15 mPa
er, has a higher CSP which offsets the Q 12 MPa
efficiency improvement in terms of over~ A 11 MPa e
all vehicle system fuel economy and is a 0.10 0 suea

7 7 MPa

higher risk system. Therefore the metal-

lic preheater with CGR was selected for g
the Mod II. el
3.2 008
i
£
r~ <

0 1000 2000 3000 4000

Engine Speed (rom)
i ® Ceramic Preheater with CGR Figure 6-2 Power Difference/Pmean (Single-
3 80 & Metallic Preheater with CGR Solid, Split-Salid) (ASE Engine No. 5)
-3 9 @ Metallic Preheater with EGR . N
LA As previously noted, loss mechanisms were
j identified for all Mod II components.

These losses include identification of
X all auxiliary power requirements, in-
cluding alternator, combustion air blow-
er, water pump, atomizing air compressor,
70 s radiator, oil pump, hydrogen compressor,
and combustion air system pressure drops.
Drive unit friction modeling, appendix
- gap loss representation, heater head heat
. transfer calculations, and EHS thermody-
0 1 2 3 4 5 namic modeling were also documented.
These data are not presented in this re-
port for the sake of brevity; however,
they can be found in MTI 85ASE428MT80,
Figure 6-1 Upgraded Mod | Preheater CGR-EGR entitled, '"Monthly Technical Progress
Performance Comparison Narrative Report for November 1984."

64

Fuel Flow (g/s)
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The first preliminary optimization of the
Mod II engine was conducted in December.
Cooperative and parallel efforts were
conducted by USAB and MTI analysis teams.
Some discrepancies were noted between the
two sets of optimized engine geometry,
which will be resolved by continued ana-
lyses during the next report period.
This first optimization analysis incor-
porated the input modeling data previous-—
ly referenced (given in MTI 85ASE428MT-
80). These data will be updated and
revised as analytical techniques are im-
proved, and as definitions of auxiliary
equipment and losses are modified and
updated.

Preliminary Design

The objective of this task is to estab-
lish design procedures and specifica-
tions, then to utilize them to complete a
preliminary design of the Mod II engine
based on a rough estimate of the engine
sizing. A cross section of the prelimi-
nary design of the Mod II is shown in
Figure 6-3.

The preliminary design of the Mod II was
initiated in January and has extended to
a technology assessment conducted Sep-
tember 25-26, 1984, Preliminary design
has been based primarily on the config-
uration of the RESD as updated in May
1983. The technology assessment consti-
tuted a review and selection of specific
configurations and technologies to be in-
corporated into the final Mod II engine.
Final engine detail dimensions will be
determined by optimization analyses.

During this report period, preliminary
design continued to focus on support of
the durability test rig and prototype de-
sign drawings of the annular, two-mani-
fold heater head and the annular cooler
design. The durability test rig is a
preliminary version of the Mod II CEDS,
including the cast-iron V-block, roller-
bearing single crankshaft, and new light-
weight piston/rod/crosshead/connecting-
rod systems. All drawings and follow-up
ECNs required for fabrication of the du-
rability rig were completed. It is an-
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ticipated that many of these CEDS design
drawings will be incorporated into the
final Mod II engine design with only mi-
nor changes.

Castings and machining drawings for the
XF-818 annular heater head housing were
completed. Drawings for the heater
tubes, fins, and brazed assemblies were
also completed. These drawings were re-
quired in support of manufacturability
studies and trials for this new heater
head design, which was viewed as having
some development/manufacturing risk
associated with it. Complete detail com-
ponent drawings, brazing assembly, and
final machining drawings were also com-
pleted for a prototype Mod II annular
cooler. This was considered to have
development/manufacturing risk, due to
the brazed assembly of the cooler body
and the closer spacing of cooler tubes.
Considerable design support and study was
also devoted to the prototype, integrated
cast-iron V-block during the procurement
and casting-development process. This
has been a continuing effort to improve
castability and correct design errors.

Technology Assessment

The Mod II technology assessment was con-—
ducted September 25-26, 1984. Its pur-
pose was to decide what technologies
would be designed into the initial Mod II
detail design, identify risks associated
with these technologies, and to decide
what development activities were re-
quired to reduce these risks. The tech-
nologies selected for initial design of
the Mod II engine are identified in the
paragraphs that follow.

EHS

The CGR combustor (ribbon configuration)
was selected in preference to the EGR,
due to higher Ngpg, lower weight and bet-
ter packageability. The conical fuel
nozzle was selected over the BOM nozzle,
as it allows a lower atomizing airflow
with consequent higher Ngyug at low fuel
flows. The metallic preheater was se-
lected over the ceramic preheater, as the







metallic offered reduced CSP and a lower
risk for manufacturability, leakage, and

durability. A separate Auburn igniter
and Kanthal flamestone were also
selected.

HES

Two parallel configurations were identi-
fied to be designed and developed for the
Mod II heater head configuration. Con-
figuration No. 1l will incorporate two ma-
nifolds and will employ XF-818 material.
This configuration was selected due to
its perceived low risk for manufacturing
lead time. Configuration No. 2 will em-
ploy the higher strength HS-31 material
for the housing material, and will have
only one or perhaps no manifolds, to pro-
vide reduced engine dead volume. Both
heater head configurations are to be ful-
ly interchangeable at all interfaces with
other engine systems. Configuration No.
2 was selected for parallel development
because it offers the potential perform-
ance benefit of an additional 1.5 points
on efficiency and 0.7 mpg on vehicle
mileage, together with a higher risk on
manufacturing lead time. As a conse-
quence of this parallel selection, two
engine maps and two vehicle mileage pro-
jections must be developed.

Heater tubes were selected to be 2.5-mm
I.D., 0.75-mm wall thickness, CG-27 mate-
rial with Inconel 625 as an acceptable
back-up material for development. The
new single-tube, separate fins in dense-
pack configuration and Inconel 601 mate-
rial were chosen. Manifold/tube
connections will be optimized to achieve
uniform tube wall temperature and gas
flow distribution.

An annular mesh-type regenerator was se-
lected, which will have no outer shell or
can, but will be press-fitted directly
into the heater-head housing. The I.D.
will be brazed to the partition wall,
which was selected to be optimized, thin
metallic wall. The annular gas cooler
will be configured with a thin,
high-strength inner wall to act as cylin-
der liner with 316L stainless steel as a

tentative material selection, to be ion-
nitrided for good wear on the cylinder
bore. Stainless steel tubes will be
brazed into the cooler shell.

CEDS

Roller bearings were selected for mains
and connecting rods, due to their lower
losses and low-speed load capacity. The
crankshaft material was selected to be
AISI 4320 H per ASTM A534, with inclu-
sions rated better than ASTM A45. This
material was selected to ensure strenth
and durability under surface fatigue im-
posed by the roller bearings. A hardened
steel-on-steel, squeeze-film-lubricated
journal configuration was selected for
wrist-pin bearings.

The integrated cast-iron V-block was re-
turned to development and an 1interim
multi-piece (brazed or welded) analog
block design was selected for first build
of the Mod II. This decision was an out-
come of the difficulties associated with
the first cast blocks from Motor Cast-
ings. The lightweight, single piston
ring design was selected, with the piston
rod attached to the crosshead by means of
a thread, and to the piston ‘base via a
shrink fit.

The seal system selected consisted of the
single-solid piston ring, the PL seal
made of Rulon J, and the cap seal. There
is some evidence that Rulon J main seals
give longer life than does HABIA materi-
al. The cap seal was retained because it
allows the seal housing to be vented to
the Ppin manifold so that the main seal
is not subjected to cyclic gas pressures.

CONTROLS AND AUXILIARIES

The idle condition was selected to be 400
rpm at 2 MPa with an interim value of
0.15 g/s for idle fuel flow. The H, PCV
will be actuated by an electric drive mo-
tor with speed-reducing gearbox and rack
and pinion final drive element. A 4 % Hj
gas storage bottle and two-stage H9) gas

- compressor were selected, since a 10:1




pressure ratio will be required with the
lower idle engine pressure.

Optimized lambda control was selected for
the DAFC, together with a Micropump
fuel-metering pump and the Hitachi air
measuring unit, with no air throttle
valve. The TI 9995 microprocessor with
five boards was selected for the DEC.
The combustion air blower will be driven
by a high-speed, high-efficiency elec~-
tric motor with no variator. The alter-
nator will ©be a permanent-magnet,
three~phase, 120 V, high-efficiency unit
to operate up to 30,000 rpm. Dual
radiator-cooling fans were selected, to
operate in staged sequence. Vehicle
selection was confirmed to be the Chevro-
ilet Celebrity, in the 3125 ib
inertia-weight «class, with four-speed
manual transmission.

ENGINE INITIAL DETAIL DESIGN

The technology assessment marked the end
of the preliminary design phase for the
Mod II engine. Initial detail design of
the engine commenced immediately there-
after on October 1, 1985. During Octo-
ber-December 1984, substantial changes
were made to the engine block design.
The design was first formulated for a
cast—-iron configuration, and then trans-
lated to a machined analog of the cast-
ing, in accordance with the technology
assessment decision. The water pump suc-~
tion housing, provisions for mounting the
water pump and H) compressor and the
front main bearing were all deleted from
the block casting and incorporated into a
separate, aluminum engine front cover.
Modified geometry was developed for the
annular cold gas ducts under the coolers.
These new changes will simplify and im-
prove castability of the engine block, as
well as reduce overall engine weight.
Equally important, there will be greater
assurance of obtaining sound metal in the
thin wall separating adjacent cold gas
ducts at the apex of the engine V. The
casting design was reviewed with the
technical staff of John Deere's nodular
iron foundry, who offered further recomm—
endations for improving castability.

A design was developed for a machined an-
alog block, based on use of a single-
piece forged billet. This will avoid the
risks associated with brazed or welded
joints of a multi-piece block design.
The design allows near-exact simulation
of the cast internal passages for cooling
water and cold-connecting ducts by drill-
ing from the outside surfaces of the
block billet, with welded plugs to seal
penetrations of the exterior walls.

An analysis of bending deflection of the
crankshaft under connecting-rod loads
was performed for maximum load conditions
(4000 rpm, 15 MPa). The crankshaft, as
analyzed, 1incorporated 35-mm journal
diameters at all main and connecting rod
bearings, to accommodate the existing
Torrington and INA roller bearings. The
results of this analysis are shown in
Table 6-2. Bending deflection of the
crankshaft constitutes angular misalign-
ment for the roller bearings. The magni-
tudes of misalignment shown in Table 6-2,
in particular for main bearings No. 2 and
3, exceed the maximum allowable misalign-
ment recommended by roller bearing man-

ufacturers by a significant margin. It
was concluded from this analysis that
crankshaft journal diameters should be
increased to 38-40 mm to reduce
deflection/misalignment to acceptable
values.
TABLE 6-2
ANGULAR DEFLECTION MOD [l CRANKSHAFT,
PRELIMINARY DESIGN
Max. Angular
Crank Angle Displacement
Axial Location During Shaft Minutes
on Shaft Rotation of Arc
Main Bearing M1 230 4.9
H Compressor Crank 230 5.4
Main Bearing M2 240 6.5
No. 1 Crank 300 4.1
No. 2 Crank 240 6.7
Main Bearing M3 250 B.6
No. 4 Crank 60 5.0
No. 3 Crank 140 3.6
Main Bearing M4 100 5.0

An analysis of roller bearing life was
conducted by bearing specialists in MTI's
R&D Division, which was later reviewed
with technical staff of SKF Industries,



Inc., one of the premier organizations in
the world for design and manufacture of
rolling-element bearings. This review
indicated that life-multiplying factors
selected during the MTI R&D analysis were
overly optimistic. New SKF data were se-
lected for the life-multiplying factors,
and a revised analysis was performed for
the new three-main-bearing crankshaft
configuration. Results of the previous
R&D analysis and the revised analysis
based on SKF data are given in Table 6-3,
in terms of Ljg bearing Llife wunder
maximum-power operating conditions. The
Mod II engine goal is to ensure an L1Q
life of at least 100 hr for the entire
seven-bearing system (three main and four
connecting-rod bearings). With a pre-
dicted L1(Q system life of only 60 hr, it
became apparent that the existing 35 mm
Torrington and INA roller bearings could
not ensure meeting the goal. Therefore,
larger bearings for journal diameters be-
tween 38 and 40 mm, with higher dynamic
load capacity, will be selected during
the next report period.

TABLE 6-3
COMPARISON OF Ljqg LIFE PREDICTIONS FOR

4000 RPM MAXIMUM POWER CONDITIONS
(35-MM JOURNAL DIAMETERS)

Predicted Lo Life, Hours

Based
Bearing on New
Location Type Previous SKF Data
Crankpin INA 463 237
Main M2 Torrington 1308 670
Main M3 Torrington 1296 664
Main M4 FAG 5806 2974
7-Bearing
System 117.3 60.

An analysis was performed of the effects
of skew misalignment of the crosshead on
crosshead-to-guide minimum clearance and
crosshead lateral motion, for both
straight cylindrical and barreled cross-
head configurations. The analysis was
done to guide the selection of design to-
lerances for misalignment of the separate
crosshead with respect to the piston rod.
One method of assembly being considered
might allow a skew misalignment angle of
up to 0.05 degree. The two geometries
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considered are defined in Figure 6-4, and
results of the analysis are shown in Fig-
ures 6-5 and 6-6. The barreled crosshead
was seen to offer an advantage in main-
taining a greater clearance, however, at
the expense of greater machining complex-
ity and greater lateral motion at skew
angles above 0.025 degree.
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Figure 6-4 Significant Dimensions of Cylindrical
and Barreled Crosshead Configurations
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Preliminary analyses of the Mod II cool-
ing water circuit had indicated that sys-
tem pressure drop would be higher than
that of the Mod I. The annular cooler
design presents to the cooling water a
longer, higher flow-resistance path than
does the Mod I cooler. The Mod II flow
path splits at the inlet into two paral-
lel paths, each only 4 tubes wide by 43
tubes long in the flow direction. A mod-
el of the water-side of the Mod II cooler
was made and flow tested to verify the
pressure~drop algorithm used in predict-
ing the cooler performance.

Due to the higher pressure drop (and to
some observed flow instability of the Mod
I centrifugal water pump at high-head
conditions), positive~displacement water
pumps were considered for the Mod II en-
gine. A Gerator gear type was selected,
which will experience no flow instability
at the higher head condition, and offers
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significantly higher efficiency than the
centrifugal type. The water pump drive
scheme is being designed for one-to-one
gear drive off of the crankshaft, with an
over-running clutch between the driven
gear and the water . pump shaft. This
allows the pump to be driven by a small
electric motor after engine shutdown, to
circulate enough cooling water to prevent
damage to O-rings by heat soak-back. The
driven gear also carries a balance weight
which is one component of the engine de-
pendent-balance system,

The
for

remainder of the detail design task
the Mod II will be completed during
the next Semiannual report period. The
BSE will be completed for presentation at
NASA-LeRC BSE Design Review scheduled for
March 1985. The controls and auxiliaries
components of the SES will be completed
for presentation at a NASA-LeRC SES
Design Review in late July 1985.

Mod Il Hardware Procurement

A schedule of hardware procurement has
been laid out for the Mod II engine. The
goal of the procurement schedule was to
achieve a January 1986 start-up of the
first Mod II engine in a BSE configura-
tion. The highlights of the procurement
are summarized in Table 6-4,

TABLE 6-4
HIGHLIGHTS OF MOD Il HARDWARE PROCUREMENT

[tem Start Procurement Delivery Date

1985 1985
1985
1985
1985
1985
1985
1985,

Decmeber
October
October
October
October
October
October
October 1985
September 198%
September 198%
September 1985

January
March 1986
March 1985
December 1984
January 1985
December 1984
December 1984
January 1985
November 1984
November 1984
February 1985

Preheater
Combustor

Fuel Nozzles
Heater Quadrants
Regenerators
Piston/Dome/Rod Assembly
Gas Coolers
Seals

Analog Block
Crankshafts
Gears
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TECHNICAL ASSISTANCE

Positive Seals

During this report period, a rig designed
to evaluate metal bellows seals was fab-
ricated and installed in a test cell with
the required ancillary equipment. The
test-head was designed to test two bel-
lows in a back-to-back configuration as
shown in Figure 7-1. Connections are
provided to allow both the inner and out-
er surfaces of the bellows to be pressur-
ized. This feature allows the pressure
difference across the bellows to be lim-
ited and controlled as required. Two in-
ductive transducers are also provided to
monitor the motion of the bellows. Reci-
procating motion is provided by a crank-
shaft/crosshead unit connected to the rod
passing through the test-head. The rod
is guided by two hydrostatic bearings,
one above and the other below the
test-head, which minimize any lateral mo-
tion. The rig is driven by a variable
speed DC motor which gives a maximum
speed of 4000 rpm.

4
A

/— Bellows

Inductive
T Transducers

Internal
Pressurization/
Vent

Externai
Pressurization/—"
Vent

Figure 7-1 Bellows Seal Test Head
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Initial tests were carried out on vendor
designed and manufactured bellows. The
bellows were designed for 30-mm stroke
with a welded rippled construction. The
material was AM350, 0.003 in. thick and
each bellows had 90 convolutions. With
minimal pressure difference, less than 50
psi, it was predicted that the life would
exceed 3 x 108 cycles. The first natural
frequency of the bellows was initially
predicted to be 51 Hz.

The first exploratory tests were carried
out with the inner volume of the bellows
vented to atmosphere and the outer sur-
faces pressurized with nitrogen. The
pressure was initially set at 10 psi and
the drive speed increased slowly. At
1000 rpm the bellows started to develop
some form of resonant vibration as indi-
cated by the inductive transducers.
Increasing the nitrogen pressure slight-
ly subdued the vibration and allowed the
speed to be increased before the vi-
bration started to appear again. The
pressure was progressively increased up
to 25 psi allowing speeds in excess of
2000 rpm. At this point one of the bel-
lows failed due to fracture near one of
the welded joints. The total test time
prior to failure was 30 min.

The failed bellows was returned to the
manufacturer who reported that it was
typical of a torsional failure which
could be induced by squirm. The manufac-
turer recommended that we repeat the test
with the bellows pressurized externally
at 25-30 psi throughout. Under these
conditions another bellows failed after
+'1 hr of total test time. Following this
the manufacturers made measurements on
bellows which had not failed and as a re-
sult revised their predictions for the
first natural frequency to 42 Hz which
was close to the frequency at which the
rig had been operating when the failures
occurred.



To investigate the natural frequency of
the bellows, one was assembled in a
special fixture and mounted on a shaker
table. When vibrated in the axial direc-
tion the first natural frequency occurred
at 42-43 Hz which confirmed the revised
predictions., The bellows was also vi-
brated in the lateral direction and it
was found that some modes of vibration
were present in the 16-26 Hz range. At
this time funding to continue the devel-
opment effort was withdrawn and no fur-
ther activity is planned for 1985.

Hot Piston Ring

In the current engine designs it is pre-
dicted that the losses associated with
the appendix gap could be substantial and
that a significant performance gain could
be achieved by reducing these losses,
One method of achieving this would be to
introduce a piston ring in the upper sec-
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tion of the dome to essentially isolate
the gap from the working-gas cycle. This
requires that the piston ring be capable
of operating unlubricated in the hottest
part of the engine, and provide an effec-
tive gas seal without incurring excessive
friction.

In order to establish whether the poten-
tial gains are real and attainable it was
decided that short term exploratory tests
should be carried out in a Mod I engine.
A number of hot piston ring design con-
cepts have been generated and potential
materials/coatings for the piston rings
and heater heads have been identified.

The concepts will be rated prior to
choosing one for the final design. Pin-
on-disk type material tests will be car-
ried out at high temperatures in an
inert/hydrogen atmosphere before select-
ing the final materials/coatings.
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PRODUCT ASSURANCE

Quality Assurance Overview

The status of the ASE program Quality As-
surance Reports (QARs) as of December 31,
1984 is presented below:

Open QARs (pending further

analysis and/or NASA approval) 312
Closed QARs (total to date) 855
P-40 QARs 250
Mod I QARs 512
Upgraded Mod I QARs 371
Preliminary Mod II QARs 29
Total QARs in system 1167

Program QAR activity for the second half
of 1984 is as follows:

New QARs (for six-month period) 219
P-40 QARs S5
Mod I QARs 42
Upgraded Mod I QARs 170
Preliminary Mod II QARs 29

Mod | QAR Experience

A summary of trend-setting problems docu-
mented via the QAR system is presented in
Table 8-1 (shown on page 8-2), and Fig-
ures 8-1 through 8-4. Problems are de-
fined as items that: 1) cause an engine
to stop running; 2) prevent an engine
from being started; or, 3) cause degrada-

tion in engine performance. Problems
that fall into these categories must be
minimized to provide acceptable engine
performance, and maximize the mean time
between failures.

Major trend-setting problems identified
for individual wunits/assemblies that
were established prior to June 30, 1983
are shown in comparison with the results
of this reporting period and that of the
previous Semiannual report period.

Table 8-2 is a summary of the operating
times versus failures for all active ASE
program Mod I/Upgraded Mod I engines.

TABLE 8-2
OPERATING TIME VERSUS FAILURES

AS OF DECEMBER 31, 1984

Mean Operating

Engine Operation Time to
No. Time (hr) Failure (hr)

3 1810 113

5 883 110

6 709 355

7 2339 1170

8 684 342

9 218 55

10 81 -



Number of Occurrences

218

o CORE Y TABLE 8-1

hd - C A E B
GOR QAT
OF F MAJOR PROBLEMS SUMMARY

Reports From Reports From Reports From

Estabtlished Prior % of 6/30/83 to % of 1/1/84 to % of 6/31/84 to % of

to 6/30/83 Total 12/31/83 Total 6/30/84 Total 12/31/84 Total
Moog Valve 86.5 1 4.5 1 4.5 1 4.5
Heater Head 54.0 3 12.5 3 12.5 5 21.0
Check Valves 47 .1 3 17.6 2 11.8 4 23.5
Combustion Blower 44 .5 6 22.2 6 22.2 3 1.1
Fuel Nozzle 35.1 6 16.2 13 35.2 5 13.5
Igniter 62.5 1 12.5 0 -- 2 25.0
Preheater 31.8 7 31.8 1 4.6 7 31.8
Atomizing Air Comp./

Servo-0il Pump 60.0 1 10.0 2 20.0 1 10.0
Combustor 41.2 4 23.5 2 11.8 4 23.5
Flameshield 31.5 3 65.8 0 -- 10 52.7
PL Seal Assembly 30.8 3 11.5 8 30.8 7 26.9
Crankcase/Bedplate -- 2 new 66.7 0 -= 1 33.3
Piston Rod -~ 3 new 37.5 4 50.0 1 12.5

Mod I hours accumulated prior to 6/30/83 - 2438
Mod I hours accumulated from 6/30/83 to 12/31/83 - 2132
Mod I hours accumulated from 1/1/84 to 6/31/84 - 1848
Mod I hours accumulated from 6/30/84 to 12/31/84 - 22863
28% of hours accumulated prior to 6/30/83

24,6% of hours accumulated from 6/30/83 to 12/31/83
21.3% of hours accumulated from 1/1/84 to 6/31/84

26.1% of hours accumulated from 6/30/84 to 12/31/84
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and Discrepancies Through December 31, 1984
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Figure 8-3 Hot Engine, Cold Engine, and EHS Failures
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